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Today our economy is based on the use of fossil sources such as oil and coal. 
Although, we use them in large quantities they are not unlimited. In addition, burning 
these resources release stored carbon into the Earth's atmosphere, causing global 
warming and worldwide climate changes. Nowadays, we start to see the devastating 
impact of these changes on our planet. 
A solution to this problem is to replace our current fossil fuel based economy with 
alternative strategies that do not emit carbon dioxide. Plant biomass is one of the best 
candidates for this issue. Plants use solar power to convert carbon dioxide and water 
into sugars, which can be used in fermentation reactions to produce both energy and 
materials. However, the desired sugars are trapped in the highly recalcitrant cell wall 
as building blocks of cellulose chains. Moreover, the complexity of the plant cell wall 
structure hinders the hydrolysis of cellulose into fermentable sugar monomers. 
Although pretreatments are used to change the physical and chemical properties of the 
lignocellulosic biomass and improve hydrolysis rates, these pretreatments often use 
harsh and polluting chemicals and severely increase the cost of bio-fuel production. 
The goal of the thesis is to generate plants with a modified cell wall, which improve 
hydrolysis of cellulose without applying any pretreatment methods. Since, 
pretreatment of lignocellulosic biomass is the most cost effective step in bio-fuel 
production, generating autodigestible plants could reduce the production cost of bio-
fuels and bio-based biomaterials. One of the strategies to improve biomass conversion 
efficiency is the modification of the cell wall by heterologous expression of cell wall 
modifying proteins. These cell wall modifying proteins could alter the cell wall 
structure and reduce cell wall recalcitrance. 
In the first chapter, some general information is given on the use of lignocellulosic 
biomass to feed the bio-economy. Here the plant cell wall and its different compounds 
and building blocks are briefly described. In addition, different strategies to increase 
biofuel production from lignocellulosic biomass are briefly discussed. 
One of the strategies to modify cell wall architecture is the in planta expression of 
genes coding for cell wall modifying proteins, for the post-synthetic degradation of 
cell wall polysaccharides. We generated a unique collection of Arabidopsis plants 
each expressing one specific gene coding for a specific cell wall degrading or 
modifying protein. The selected genes were obtained from different organisms, but an 
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important source was plant parasitic nematode (PPN). These organisms secrete   a 
mixture of cell wall degrading enzymes during their infection process. By degrading 
the cell wall this infection process is made more efficient.  One of the reasons to focus 
on cell wall degrading enzymes of these organisms is their sequence similarity to cell 
wall degrading enzymes of plant pathogenic bacteria. In contrast to the fast amount of 
information available for fungal enzymes expressed in plants to modify the cell wall, 
only limited numbers of papers describe the targeting of bacterial enzymes towards 
the apoplast. One of the reasons could be absence of glycosylation on these proteins, 
making them less stable in the extracellular environment of a plant. By using 
eukaryotic nematode genes we avoided this problem while still working with an 
enzyme that was more related to a bacterial protein than to a fungal enzyme. As such, 
a whole niche of novel sequences was tested in the plant. Nevertheless, at the later 
stage of the project bacterial and fungal genes coding for cell wall degrading enzymes 
were added to the growing pool of candidate genes. Preliminary results on plants 
expressing genes coding for pectate lyases, polygalacturanase, xylogalacturonase, 
pectin methyl esterase, endoglucanase are briefly presented in the second chapter. 
Some of the CWD enzymes have been studied in more debt, and sufficient results 
were obtained to dedicate a separate chapter to these enzymes. One of this CWD 
enzymes is an endo-1,4-β-galactanase derived from plant-parasitic nematode, 
Heterodera schatti. Heterologous expression of galactanase in Arabidopsis and poplar 
as well the effects on the cell wall structure and the resulting effect on the overall 
plant physiology are described in the third chapter. 
The production of cell wall degrading enzymes in plants changes cell wall 
architecture and reduces cell wall recalcitrance, and consequently increases cellulose 
accessibility for enzymatic hydrolysis. Plant cell wall can be also engineered to 
incorporate non-plant derived polymers into their cell wall thus creating novel 
materials with industrially relevant physicochemical properties. An alternative 
strategy might increase cell wall porosity and hence cellulose accessibility for 
enzymatic hydrolysis is depositing water soluble (and hence easy to extract) 
polysaccharides into the plant cell wall. This strategy allows plants to behave 
normally during growth and development, whereas they display enhanced solubility 
during enzymatic hydrolysis. Such strategy, often referred to as “Trojan Horse” is 
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described in the fourth chapter, were we modify Arabidopsis cell wall by 
accumulation chitin oligomers in the plant cell wall to diminish cell wall recalcitrance. 
Lignin is an undesirable heteropolymers in the biomass conversion due to its ability to 
shield cellulose from enzymatic hydrolysis. However, lignin has a critical function for 
plant including defense, providing mechanical support and allowing the transport of 
water over long distances. Modification of lignin by changing its content or 
composition without causing detrimental effect for plants should be a parameter to be 
taken into account. In the fifth chapter of the thesis, we initiated the functional 
characterization of a pirin gene involved in lignin biosynthesis. We were able to 
modify Arabidopsis lignin content and composition by changing the expression level 
of PRN2 and PRN4, a member of the PIRIN-family.  
In the sixth chapter of the thesis, a general overview is given and some concluding 
remarks are discussed. 
 
 
 
 
 
 
 
 
 
 
 
 
 
!"#$%&'()&*+%,-,&#.*/-(%&
! !
 
"#$%&'(!)! ! *+&(,-./&0,+!
! 1
Chapter 1 
 
 
 
 
 
 
 
Introduction 
 
 
 
 
 
 
 
 
 
 
"#$%&'(!!! ! *+&(,-./&0,+!
! 2
1.1 Renewable and sustainable energy 
The availability of energy has been key in the development of our modern way of life 
and the importance of energy will only increase in the years to come. World energy 
consumption is expected to grow by 56% between 2010 and 2040 from 524 
quadrillion British thermal units (Btu) to 820 quadrillion Btu. This huge increase is a 
direct consequence of the exponential growth of new industrialized countries such as 
China, Malaysia, India and Brazil (IEA 2013).  Most of our current energy is derived 
from fossil sources that are limited and nonrenewable. These limited resources are 
also needed for chemicals/material production such as polymers and pharmaceuticals. 
Each year 330 million tonnes petrochemical based products are introduced in our 
daily life (IEA bioenergy-task 42, biorefineries). In addition, fossil fuel combustion 
produces greenhouses gasses such as CO2 and methane, which are released into the 
atmosphere, causing global warming and climate changes.   
This, together with the unequal geographical distribution of fossil resources and the 
political instability in regions with important fossil energy reserves has prompted the 
focus on alternative renewable and sustainable resources of energy (eg wave and wind 
power, solar, geothermal and hydroelectric energy) (Fig 1). Whereas these new 
technologies can supply energy, they are inadequate in the replacement of fossil 
resources for products and materials.  
Figure 1. Distribution of different resources in the world for energy production in 2010 (IEA 2011) 
*other includes geothermal, solar, wind, heat. 
Plant biomass has the tremendous advantage that it can serve as source for both 
products and energy. Production is measured in dmt/ha and combined with the high 
heating value (maximum amount of energy potentially derived from a given biomass 
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source) of the biomass; the energy yield of the cultivated crop can be calculated. 
Table 1 shows the range of energy yields for a number of types of biomass 
(McKendry, 2002).  
Table 1. Energy yield from selected biomass, adapted from McKendry (2002). 
Biomass Energy yield (GJa/hab) 
Wheat  123 
Poplar  173-259 
Swictgrass 139 
Miscanthus  222-555 
aGJ: Gigajoule; bha: Hectare 
Plants use photosynthesis to capture CO2 from the atmosphere and store the carbon 
into their biomass. These sugars can subsequently serve as source to feed fermentation 
reactions to produce a plethora of products and materials among which bio-ethanol. 
Because the combustion of biofuels returns as much CO2 into the atmosphere as was 
taken up by the plant to produce the biomass, the concept is considered to be carbon 
neutral (Gray et al. 2006). Biodiesel from rapeseed oil or palm oil and bioethanol 
produced from sucrose (sugar beet, sugarcane etc.) or starch (potato, corn, cereal, etc.) 
are called first generation biofuels. Selection of the most suitable bioenergy crops 
largely depends on the geographical location of the field, and each area has its own 
specific feedstock that could be used for biofuel production. For instance, the 
production of bioethanol is derived from sugarcane in Brazil whereas in the United 
States (US) corn is being used (IEA, 2008). Although first generation biofuel sources 
have the advantage to be easily converted towards ethanol and biodiesel, they are in 
direct competition with food and feed production (Young, 2009). In addition, sugar 
and starch crops require the use of fertilizers and pesticides and therefore the 
production of bio-ethanol from corn provides only a limited reduction in green house 
gas emission (GHG) (Hill et al. 2006; Runge & Senauer 2007). Furthermore, first 
generation biofuels are accelerating deforestation and compete for scarce water 
resources in some regions (IEA 2008). These concerns make the use of first 
generation biofuels insufficient to address the world’s huge demand for sustainable 
energy. 
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In contrast to first generation biofuels, second generation biofuels are produced from 
cheap and abundant non-food plant materials (Gomez et al. 2008). This largely refers 
to the lignocellulosic plant cell wall containing different types of polysaccharides such 
as cellulose, hemicellulose and pectins. Preferentially these second-generation 
bioenergy crops should produce substantial amounts of biomass over a short period of 
time, with no or less requirements for fertilizers or pesticides. Hence their production 
is considered cheap. Moreover, as second-generation bioenergy crops can be grown 
on marginal lands, their growth is not in direct competition with food production. 
Finally, the intelligent use of second-generation biofuels can be truly carbon neutral or 
even carbon negative as it should be possible to capture more carbon dioxide from the 
atmosphere than is released upon combustion and sequester the residual carbon of the 
biomass in the soil (Tilman et al. 2006). One of the best crops for production of 
second-generation bioenergy in Europa and in USA is poplar (Populus spp.). Poplar 
properties which are mentioned above as a ideal bioenergy crop plus does not require 
annual planting and new branches will easily sprout from the main stem after 
harvesting make them excellent candidate in bio-energy field. 
In addition, poplar is more desirable for biofuels than many other woody crops 
because of its fast growth and the production of significant amount of biomass with 
high fermentable sugars content in a short period of time (Gordon 2001). However, 
the use of lignocellulose biomass is not cost-effective at the moment and this is 
mainly due to the complexity and recalcitrance of the plant cell wall, which limits the 
release of glucose from cellulose fibers (Wingren et al. 2003). To overcome this 
limitation the plant cell wall is being studied extensively and the ultimate goal is to 
modify the plant cell wall to reduce the recalcitrance and the down-stream processing 
costs.  
Although, second generation biofuels are still in full development and still not 
economically viable, usage of third and fourth generation biofuels are being explored. 
Oil extracted from cultured algae is considered the biofuel of the third generation and 
it is expected that algae will have the potential to produce more energy per acre than 
conventional crops (Chisti, 2007). Fourth generation biofuels are still in the 
conceptual phase and are based on the idea to use the plants’ photosynthetic 
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mechanisms to produce hydrogen and electricity (Antizar-Ladislao and Turrion-
Gomez 2008).  
1.2 The Plant Cell Wall  
The plant cell wall consists of a complex but dynamic network of polysaccharides and 
other polymers around the plasma membrane of plant cells (Fig. 2). This characteristic 
structure plays a key role in plant growth and development. In addition, it supports the 
cell as well as the plant and provides protection against pathogens.  
Despite the large diversity in cell wall morphology and composition, plant cell walls 
are generally classified as being primary or secondary. Primary cell walls are formed 
by expanding cells and are mainly composed of polysaccharides (approximately 25% 
cellulose, 25% hemicellulose and 35% pectin) and some proteins. Adjacent cells are 
joined together by a thin layer called the middle lamella, which is rich in pectin and 
wall proteins. Unlike primary cell walls, secondary cell walls are formed after cell 
growth ceased. Secondary cell walls differ both in structure and composition from the 
primary wall (Fig. 3). The multilayered and thick secondary wall is deposited against 
the primary cell wall and provides strength to the cell in order to support the plant. It 
consists of approximately 50 % cellulose, 25 % hemicelluloses and 20 % lignin 
(Cosgrove 2005).  
 
 
Figure 2. Schematic representation of the molecular structure of the plant cell wall. Cellulose is 
organized into microfibrils while hemicelluloses and pectins crosslink cellulose microfibrils. Lignin 
covers cellulose microfibrils and fills the space between the polysaccharide matrix. 
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Figure 3. Schematic representation of adjacent cells showing how successive secondary cell wall 
layers (S1, S2, S3) are laid down against the thin primary cell wall. The grey lines in the secondary 
wall layers represent cellulose microfibrils. The angle they form, called the microfibril angle (MFA), 
plays a crucial role in determining the stiffness of the wood (Kretschmann 2003).  
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1.2.1 Cellulose 
Cellulose is known to be the most abundant organic compound on earth. It is a 
polymer of β-1,4-coupled glucose molecules that are non-covalently linked by 
hydrogen bonds into microfibrils. The polymerization of the glucose monomers is 
performed by plasma membrane embedded protein complexes each composed of six 
cellulose synthase subunits. Each subunit transfers glucose residues from a sugar 
nucleotide donor (uridine diphosphate D-glucose) to the growing glucose chain (Peng 
et al. 2002). The formed microfibrils can be longer than 1 µm (Brett 2000; Brown et 
al. 2005) with a width that varies from 5 to 30 nm depending on the plant species (Ha 
et al.1998; Herth. 1983). This variation indicates that the cellulose fibrils of different 
species may differ in the number of chains. Current models for cellulose microfiber 
organization suggest that it has a substructure consisting of highly crystalline domains 
where glucose molecules are highly ordered and bound to each other (Fig. 4). These 
crystalline domains are linked together by less organized glucose chains, considered 
amorphous region (Cosgrove 1997). Its insolubility in water, chemical stability and 
relative resistance to hydrolysis makes it an excellent compound to support the cell 
wall. The cellulose microfibrils form spatially oriented overlapping layers around the 
cell and prevent it from bursting under the osmotic pressure.  
 
Figure 4. Crystalline and amorphous structure of cellulose. The crystalline structure is conserved by 
hydrogen bonds and Van der Waals forces. Twists and torsions in the amorphous structure alter the 
ordered arrangement (Zhou and Wu 2012). 
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1.2.2 Hemicelluloses 
Hemicelluloses are polysaccharides that form a strong but flexible network with 
cellulose, hence they are considered to be important for the load-bearing glycan 
network. In contrast to cellulose, they are mostly composed of different hexoses (D-
glucose, D-galactose and D-mannose) or pentoses (D-xylose and L-arabinose) (Fig. 5). 
Hemicelluloses have β-1, 4 linked backbones with an equatorial configuration. They 
are synthesized by glycosyltransferases (GTs) in the Golgi and subsequently 
transported in vesicles towards the plasma membrane. Upon fusion with the plasma 
membrane these vesicles will release their content in the apoplast where the 
polysaccharides can be incorporated in the cell wall. The major hemicelluloses in 
grasses are glucuronoarabinoxylan and arabinoxylan. In dicots the major 
hemicellulose is xyloglucan, although in some tissues and in the secondary cell wall 
the primary hemicellulose is xylan with varying side chain composition (Ebringerova 
et al. 2005).  
 
Figure 5. Structure of xyloglucan. The heptamer block is shown (glucan 4-xylose 3). The β-1,4-D-
glucose backbone is depicted in blue. Monosaccharides of the side chains are in red (α-D-xylose); 
black (α-D-galactose) or brown (α-L-fucose) (Villarreal et al. 2012). 
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1.2.3 Pectin 
The cellulose-hemicellulose network is embedded in a matrix composed of pectins, 
which are considered the most complex class of cell wall polysaccharides. Similar to 
hemicelluloses, pectins are synthesized in the Golgi apparatus, delivered to the cell 
membrane via small vesicles and released into the apoplast once the Golgi vesicles 
fuse with the plasma membrane. Synthesis of pectin polysaccharides is estimated to 
involve at least 67 different enzyme activities, including acetyltransferases, 
methyltransferases and glycosyltransferases (Mohnen 2008; Harholt et al. 2010). 
Pectin is mainly present in the middle lamella and the primary cell wall and makes 
only a minor portion of the secondary cell wall. Non- commelinoid monocots and 
dicots contain up to 35% pectin in their primary walls and approximately 5% in 
secondary walls whereas commelinoid monocot plants are known to be relatively poor 
in pectins (Wiethölter et al. 2003). The primary function of the pectin is to regulate 
intercellular adhesion, which is important for different physiological processes such as 
growth, development, defense response, seed hydration, leaf abscission and fruit 
development (Caffall and Mohnen, 2009). Despite its low abundance in the secondary 
cell wall, recent findings suggest a prominent role for pectin in the secondary cell wall 
(Xiao and Anderson, 2013). Typical for pectins is the backbone enriched in 
galacturonic acid (GalA).  Depending on the backbone composition and site chain 
decoration, several domains can be distinguished that are covalently linked to build a 
pectin network (Fig. 6). The homopolymer of (1→4)-α-linked D-galacturonic acid is 
named homogalacturonan (HG) and makes the smooth region of the pectin. 70-80% 
of the galacturonic acid residues are methyl esterified at the C-6 carboxyl group and 
the rest might be O-acetylated mostly at C-3 but sometimes at C-2. In order to form a 
stable gel with other pectic molecules, the unmethylated C-6 site of HG residues is 
negatively charged and might interact with Ca+2. This HG-calcium complex is 
referred to as the “egg-box” model. The galacturonic acid can also be substituted at its 
C-3 with a D-xylose resulting in a xylogalacturonan (XGA) structure (Oneill et al. 
1990). The second pectin domain is rhamnogalacturonan I (RGI) characterized by a 
backbone consisting of alternating galacturonic acid and rhamnose [(1→2)-α-L-
rhamnose-α-(1→4)-α-D-galacturonic acid]. This backbone can be O-acetylated on C-2 
and /or C-3 and arabinose and galactose oligomer site chains can anchor to the RGI 
via rhamnose sugars (Albersheim et al. 1996; Oneill et al. 1990). Perhaps the most 
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complex pectin domain is rhamnogalacturonan II (RG-II). The RG-II domain has at 
least eight 1,4-linked α-D-GalpA residue backbones with four different 
oligosaccharide side chains (named A to D) containing up to 13 different sugars 
linked by at least 22 possible glycosidic linkages (ONeill et al. 1996; ONeill et al. 
2004). RG-II molecules are forming dimers via a boron diester (Ishii et al. 1999) in a 
way similar to the calcium mediated “egg box” structures. This function of boron 
makes it an important microelement for plants (Shorrocks 1997).  
 
 
Figure 6. Theoretical representation of pectin composed of different domains:  homogalacturonan, 
xylogalacturonan, rhamnogalacturonan I and rhamnogalacturonan II  (Harholt et al. 2010).  
1.2.4 Lignin 
Lignin is crucial for the structural integrity of the secondary cell wall. The rigid and 
recalcitrant polymer supports the plant and provides protection against 
microorganisms (Boerjan et al. 2003). In addition, its hydrophobicity contributes to 
the impermeability of the cell wall, making transport of water and nutrients through 
the vascular system possible over longer distances. Most likely the emergence of 
lignin was crucial in the development of land plants. In contrast to previous described 
polysaccharides it is a complex aromatic polymer composed of hydroxycinnamyl 
alcohol monomers that differ in their degree of methoxylation, namely p-coumaryl, 
coniferyl and synapyl alcohol. When incorporated into the lignin polymer the alcohols 
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will give rise to p-hydroxyphenyl (H) guaiacyl (G) and syringyl (S) units respectively. 
Incorporation of the alcohol monomers into the lignin occurs through radicle 
reactions, which result in a highly complex polymer and it is mainly this level of 
complexity that gives lignin its recalcitrant character. Most of these units are linked 
via ether bonds (in so-called β–O–4-structures) and carbon-carbon bonds [in resinol 
(β–β) and phenylcoumaran (β–5) structures] (Vanholme et al. 2008) (Fig 7). These 
carbon linkages make the polymer an energy-rich carbon sink that has higher energy 
content than cellulose or hemicelluloses. For instance, burning one gram of lignin 
produces 30% more than the energy of cellulosic carbohydrates (Shafizadeh and Chin 
1977; White 1987). The composition and amount of lignin varies with the location in 
the cell wall, the developmental phase of the cell, the cell type, the tissue, the species 
and the environmental circumstances (Boerjan et al. 2003; Ralph et al. 2007). The 
lignin of angiosperms is mainly composed of G- and S-units with traces of H-units, 
while the gymnosperm lignin contains mostly G-units with traces of H-units. Grasses 
incorporate G- and S-units in equal amounts as well as H-units in their lignin (Boerjan 
et al. 2003).  
 
 
Figure 7.!Representation of a lignin polymer from poplar as predicted from NMR-based lignin analysis 
(adapted from Stewart et al. 2009). 
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1.3. Production process of second-generation biofuels 
Production of biofuels from lignocellulosic biomass is achieved in three steps. 1) A 
pretreatment step is used to open the cell wall. 2) Saccharification releases free sugars 
(preferentially glucose) from the polysaccharides via hydrolysis. 3) The final step – 
fermentation – converts the released sugars to ethanol (Jordan et al. 2012).  
1.3.1 Biomass pretreatment 
To open up the cell wall structure and lower its recalcitrance, biomass pretreatment is 
applied. Biomass pretreatment can be done in various ways such as chemical 
pretreatment (acid, alkali, ionic liquid, ozonolysis), physical pretreatment (microwave, 
grinding and milling) and physico-chemical pretreatment (liquid hot water, steam 
explosion, wet oxidation, CO2 explosion) (Mood et al. 2013). Normally a combination 
of these processes is used to increase the efficiency (Vanholme et al. 2013). One 
example of such combination is the steam explosion treatment where the biomass is 
mixed with dilute sulfuric acid, heated with steam and quenched by rapid 
depressurization. During pretreatment mainly the matrix polysaccharides and to a 
lesser extent lignin are solubilized (Vanholme et al. 2013). Besides the positive effects 
of the pretreatment on the cell wall structure, some inhibitory compounds can be 
formed during this process. These compounds can have negative effects on microbial 
activity in downstream fermentation processes (Klinke et al. 2004; Palmqvist & 
Hahn-Hagerdal 2000). It is therefore common that the resulting biomass is washed 
extensively to remove these inhibitors and to neutralize the pH. 
1.3.2 Enzymatic saccharification 
Enzymatic saccharification is the preferred strategy to degrade the polysaccharide 
polymers of lignocellulosic biomass into fermentable sugars. Different necrotrophic 
or biotrophic microorganisms secrete cellulose-degrading enzymes into the plant 
tissue (i.e. endoglucanases (EC.3.2.1.4), exoglucanases or cellobiohydrolases 
(EC.3.2.1.91) and β-glucosidases (EC.3.2.1.21). The cost of heterologous produced 
enzymes has long been approximately 30% of the total production costs for bio-
ethanol (US$ 0.38/gallon ethanol) (Marcuschamer et al. 2011). In order to reduce this 
cost extensive research was performed to optimize the production process of enzymes 
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and to optimize enzymatic cocktails used for saccharification. However, the real cost 
contribution of enzymes to the production of lignocellulosic ethanol varies 
significantly, for instance $0.12/gal (Merino and Cherry 2007),  $0.10/gal (Aden and 
Foust 2009), $0.30/gal (Lynd et al. 2008), $0.32/gal (Dutta et al. 2010), $0.35/gal 
(Klein- Marcuschamer et al. 2010), and $0.40/gal (Kazi et al. 2010). Similar to the 
pretreatment process, there is no ideal enzyme mixture that works on all kinds of 
biomass. Instead, dedicated cocktails are being developed to treat a specific type of 
biomass under optimal conditions (Levine et al. 2011). Different approaches have 
been applied to improve the properties of individual enzymes as well as mixtures to 
improve biomass degradation. For instance, random mutagenesis has famously been 
applied to T. reseei to create strain RUT-C30 that secretes up to 20 g/L cellulase 
protein (Peterson and Nevalainen, 2012). Thanks to this progress in the field 
extremely efficient enzyme cocktails were obtained to degrade biomass. As a result, 
not the enzyme but rather the pretreatment cost is determining the costs for biofuel 
production these days (Alvira et al. 2010; Mood et al. 2013; Vanholme et al. 2013).  
During the saccharification process potential inhibitors for the next biofuel conversion 
step (fermentation) -such as acetate- can accumulate in the mixture (Gille and Pauly. 
2012). These are mainly derived from de-acetylation of pentose sugars of xylan and 
pectins, therefore partial reduction of cell wall acetylation by modulating pectin 
acetylesterase/ acetyltransferase activities, might increase the conversion efficiency of 
lignocellulosic biomass to biofuels (Xiao and Anderson. 2013). 
1.3.3. Fermentation 
Through fermentation, the sugars released after saccharification are converted to 
various products such as ethanol, antibiotics, food additives, pharmaceuticals and 
surfactants. The microorganism most commonly used in fermentation is the yeast 
Saccharomyces cerevisiae. This yeast is able to grow both on simple sugars, such as 
glucose as well as on the disaccharide sucrose. Furthermore, easy manipulation of S. 
cerevisiae in industrial fermentation processes makes it a perfect candidate 
microorganism for bioethanol production (Lin and Tanaka 2006). S. cerevisiae has 
high resistance to ethanol, consumes significant amounts of substrate in adverse 
conditions and shows high resistance to inhibitors present in the medium (Hector et al. 
2011). Although pentoses are as good candidate for biofuel production as hexoses, 
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fermentation of pentoses is more difficult than applying the same procedure to 
hexoses. Recently, Demeke et al. (2013) circumvented this problem by creating a 
transgenic strain of industrial yeast. Using an evolutionary engineering strategy the 
researchers were able to improve the yeasts ability to convert D-xylose to ethanol. 
1.4. Plant cell wall modification strategies 
There is a tight and complex interaction between the different polymers of the plant 
cell wall. In a typical secondary cell wall, lignins and hemicelluloses cover the 
cellulose fibers forming an important factor for the reduction in saccharification 
efficiency. In order to maximize the production of cellulosic bio-fuels while 
minimizing costs associated with energy and chemical inputs, different approaches 
have been developed to reduce cell wall recalcitrance (e.g. modification of 
hemicellulose and monolignol biosynthesis pathways, producing water soluble 
polymers, modification of cellulose crystallinity and overexpressing genes coding for 
cell wall modifying proteins (Abramson et al. 2010). Heterologous expression of 
different genes coding for cell wall degrading enzymes effect on plant phenotype has 
been listen in Table 1. Since the substrates for the enzymes accumulate in the 
apoplastic region, the enzymes had to be targeted towards the extracellular space.  
Therefore different signal peptides for secretion (SP) have been used (Table 1.). As 
mentioned before, plant cell wall pentoses like xylose and arabinose could also be 
fermented into biofuels. However, to efficiently metabolize pentose sugars at 
industrial scale, particularly D-xylose, which makes up to 35% of total sugars in 
xylan-rich lignocellulosic biomass is the field of intense research (Demeke et al. 
2013). 
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Table 2. !Literature overview of the effects of heterologous expression of genes coding for cell wall 
degrading enzymes on the phenotypes and cell wall composition of the plant with the main focus on 
Arabidopsis, poplar, tobacco, maize, rice, potato plants. ND: not determined. Source of enzymes (B: 
Bacteria, F: Fungi, P; Plant, Y: Yeast)  
Polymer Gene Source of 
Enzymes 
Organism Localization Phenotype Reference 
Cellulose Endoglucanase (CEL5)  B Tobacco Chloroplast Increased autohydroltic efficiency Mahadevan et al. 2011 
Cellulose Endoglucanase 
(CEL5A) B 
B Tobacco and 
maize 
Apoplast Improved cell wall digestibility  Mahadevan et al. 2011 
Cellulose Endoglucanase (E1) B Rice  Apoplast %43 more yielded sugar Chou et al. 2012 
Cellulose KORRIGAN P Poplar  Reduced cellulose crystallinity Maloney and Mansfield. 
2002 
Cellulose Glucanase  B Tobacco Cytosol Increased digestibility of cell wall fibers Kawazu et al. 1999 
Cellulose Glucanase B Tobacco and 
Alfalfa 
Cytosol Transgenic plants exhibited normal 
growth  
Ziegelhoffer et al. 1999 
Cellulose Glucanase B 
 
Tobacco Chloroplast Transgenic plants exhibited normal 
growth  
Dai et al. 2000a 
Cellulose Glucanase B Potato ER, Vacuole, 
Apoplast, 
Chloroplast 
Transgenic plants exhibited normal 
growth 
Dai et al. 2000b 
Cellulose Glucanase  B Arabidopsis Apoplast Transgenic plants exhibited normal 
growth 
Ziegler et al. 2000 
Cellulose Glucanase B Tobacco Cytosol Apoplast 
Chloroplast 
Transgenic plants exhibited normal 
growth 
Ziegelhoffer et al. 2001 
Cellulose Glucanase B Tobacco Chloroplast Transgenic plants exhibited normal 
growth 
Jin et al. 2003 
Cellulose Glucanase B Barley Cytoplasm Transgenic plants exhibited normal 
growth 
Xue et al. 2003 
Cellulose Glucanase B Tobacco ER   Vacuole 
Apoplast 
Chloroplast 
Transgenic plants exhibited normal 
growth 
Dai et al. 2005 
Cellulose Glucanase B Maize Apoplast Transgenic plants exhibited normal 
growth 
Biswas et al. 2006 
Cellulose Glucanase B Duckweed Cytosol Transgenic plants exhibited normal 
growth 
Sun et al. 2007 
Cellulose Glucanase B Rice Apoplast Increased conversion of plant biomass 
into glucose 
Oraby et al. 2007 
Cellulose Glucanase B Maize Apoplast Increased autohydroltic efficiency Ransom et al. 2007 
Cellulose Glucanase B Tobacco Chloroplast Transgenic plants exhibited normal 
growth 
Yu et al. 2007 
Hemicellulose Xylanase B Brassica napus Oil-bodies  Liu et al. 1997 
Hemicellulose Xylanase B Barley Cytoplasm  Patel et al. 2000 
Hemicellulose Xylanase A B Rice Cytosol No phenotypic effect was noted Kimura et al. 2003 
Hemicellulose Xylanase III B Arabidopsis Cytosol 
Chloroplast 
Peroxisome 
No phenotypic effect was noted Hyunjong et al. 2006 
Hemicellulose Feruloyl esterase B Arabidopsis Apoplast Increased biomass degradability Pogorelko et al. 2011 
Hemicellulose B-xylosidase / α-
arabinosidase 
B Arabidopsis Apoplast Increased biomass degradability Pogorelko et al. 2011 
Hemicellulose Xylanase (xyn2)  B Arabidopsis Golgi. Apoplast 
and Vacuole 
Apoplast localized lines reduced xylose 
and increased arabinose and ferulate 
content 
Buanafina et al. 2012 
Hemicellulose Carbohydrate esterase 
(CE15) 
F Arabidopsis Apoplast Transgenic lines reduced glucose and 
xylose content 
Tsai et al. 2012 
Hemicellulose Xylanase B B Arabidopsis Apoplast Decreased in molecular weight of xylans Borkhardt et al. 2010 
Hemicellulose Thermophilic xylanase B Tobacco Apoplast N.D. Chatterjee et al. 2010 
Hemicellulose Thermostable xylanase B Tobacco Apoplast No growth penalty in transgenic lines Herpes et al. 1995 
Pectin Polygalacturanase (PG) F Tobacco. 
Arabidopsis and 
Wheat 
Apoplast Increased saccharification yield Lionetti et al. 2010 
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Pectin 
Pectin methyl esterase 
inhibitors (PMEI) 
P Tobacco. 
Arabidopsis and 
Wheat 
Apoplast Increased saccharification yield Lionetti et al. 2010 
Pectin Pectin acetyl esterase 
(PtPAE1) 
P Tobacco Apoplast Lower digestibility of pectin Gou et al. 2010 
Pectin Pectin acetyl esterase 
(PAE) 
B Potato tubers Apoplast Cell wall of transgenic tubers were 
mechanically stronger 
Orfila et al. 2012 
Pectin Pectate Lyase (PtxtPL1) B Aspen Apoplast Increased solubility of pectin. xylan and 
other hemicelluloses 
Biswal et al. 2014 
Pectin EndoPG P Tobacco Apoplast transgenic tobacco did not result in pectin 
degradation in vivo 
Osteryoung et al. 1990 
Pectin EndoPG P Apple Apoplast Reduced cell wall rigidity and cell 
adhesion 
Atkinson et al. 2002 
Pectin Rhamnogalacturonanase  Flax ND Reduction in RGI content. no visual 
phenotypic changes 
Musialak et al. 2008 
Pectin Galactanase  Arabidopsis Apoplast Initiation of bolting was delayed Obre et al. 2009 
Pectin Polygalacturanase Y Arabidopsis Apoplast Early stage development conspicuous 
malformation. no phenotype differences at 
the later developmental stage. 
Alcedo et al. 2011 
Pectin Polygalacturanase II F Arabidopsis 
Tobacco 
Apoplast Transgenic arabidopsis and tobacco 
showed yield penalty  
Capodidicasa et al. 2004 
Pectin Endo-1.4-β-
galactosidase  
F Potato Apoplast Increased solubility of pectins.  reduction 
in galactosyl content by 30%   
Sorenson et al. 2000 
Pectin Arabinanase (RGI) F Potato Apoplast arabinose content was decreased by 
approximately 70%  
Skjot et al. 2000 
Pectin endoRGL F Potato Apoplast large reduction in galactosyl and 
arabinosyl residues in transgenic tubers 
Oomen et al. 2002 
Pectin endoPG F Tobacco Apoplast 30% decrease in the GalUA content of the 
cell walls.  
Boudart et al. 2003 
Pectin PME F  BY2 Apoplast signiﬁcant rise of PME and the level of 
methanol in the transformant increased by 
28.7% 
Hasunuma et al. 2003 
Pectin PME F Tobacco Apoplast alteration in cell wall metabolism and a 
dwarf trangenic lines 
Hasunuma et al. 2004 
Pectin   F Potato Apoplast Transgenic plants have stiff stems and 
thickened. curled and red browish leaves. 
don't produce side shoot or flowers 
Borkhard et al. 2005 
Pectin PGI and RGA F Flax Apoplast Significant reduction of pectin content. Musialak et al. 2007 
Pectin PGs F Arabidopsis 
Tobacco 
Apoplast Increase plant resistance to the pathogens 
and reduce auxin sensitivity 
Ferrari et al. 2008 
 
1.4.1 Cellulose modification 
In general, cellulose consists of crystalline and amorphous domains in varying 
proportions depending on the source. The physical characteristics of cellulose as well 
as their chemical behavior and reactivity are strongly influenced by the arrangement 
of these domains. Complete depolymerization of cellulose needs synergistic activity 
of different types of enzymes. These enzymes include endoglucanases that cleave 
internal bonds of amorphous cellulose and create new chain ends, cellobiohydrolases 
or exoglucanases that cleave cellobiose from the ends of the cellulose polymer, and 
finally, β-glucosidases or cellobiose hydrogenases hydrolyzing cellobiose into 
monosaccharides. In addition, lytic polysaccharide mono-oxygenases (LPMOs), e.g. 
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AA9 endoglucanases will cleave crystalline cellulose through reductive elimination. 
The electrons used for this reaction can be delivered by the cellobiose dehydrogenase 
(Fushinobu. 2014).  
Plants are excellent sources for large scale/low cost production of high value 
enzymes. The cost for enzymes produced from bioengineered plants has been reported 
to be 5 – to 80 –fold lower than those from other sources (Loshi and Lopez 2005; 
Menkhaus et al. 2004). Since cellulases are relatively costly enzymes, different 
cellulases have been successfully expressed in plants (Table 1). Major drawbacks of 
heterologous expression of cellulases are dramatic yield penalty and detrimental effect 
on plant development. To avoid these negative effects on plant growth and 
development, cellulases have been targeted to different cellular compartments (Dai et 
al. 2000a; Dai et al. 2000b; Zeigler et al. 2000; Ziegelhoffer et al. 2001; Jin et al. 
2003; Xue et al. 2003; Dai et al. 2005; Biswas et al. 2006; Mahadevan et al. 2011; 
Oraby et al. 2007; Ransom et al. 2007; Yu et al. 2007). For instance, Mahadevan et al. 
(2011) successfully generated tobacco plants expressing endoglucanases (CEL5) 
originated from Thermotoga maritima with an Arabidopsis rubisco activase signal 
peptide for chloroplast targeting. These transgenic plants increase autohydrolytic 
efficiency with 33%. Endocellulase E1 (CEL5A) from Acidothermus cellulolyticus 
was expressed in both Nicotiana tabacum and Zea mays with secretion targeted to the 
cell wall. Tobacco and maize plants were phenotypically normal compared to wild 
type (WT) plants. After pretreatment, these transformed plants were clearly more 
digestible than WT requiring less severe pretreatments to achieve a comparable 
conversion level (Brunecky et al. 2011). Another strategy to overcome deleterious 
effects is the use of thermostable enzymes, which are not active during plant growth 
and might be activated during post-harvesting treatments (Klose et al. 2012). For 
example, the endoglucanase (E1) gene from the thermophilic bacterium Acidothermus 
cellulolyticus was overexpressed in rice. Hydrolysis of transgenic rice straw yielded 
43% more reducing sugars than wild type rice straw (Chou et al. 2012). These studies 
indicate that the heterologous expression of cellulases in the plant might reduce 
requirement of cellulases for saccharification and increase cell wall amenability to 
biomass conversion. 
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In order to improve the value of bioenergy crops one of the challenging approaches is 
increasing cellulose synthesis. Though, the molecular mechanisms of cellulose 
synthesis and deposition are not completely identified (Guerriero et al. 2010). In 
addition to transgenic approaches modification of plant cell wall polymers might also 
be drastically altered by specific mutations. For instance, mutations in genes involved 
in cellulose synthesis like KORRIGAN (KOR) and CELLULOSE SYNTHASE A 
(CesA) have a lower cellulose crystallinity and increased conversion rates to 
fermentable sugars with only a little decrease in growth rate (Harris et al. 2009). On 
the other hand, hybrid poplars expressing Arabidopsis KOR reduced cellulose 
crystallinity without deleterious effect on plant growth (Maloney and Mansfield 
2002). 
 
Figure 8. Biotechnological approaches for the modification of plant cell walls by expressing cell wall 
degrading enzymes derived from different organisms (plant parasitic nematodes, fungi, bacteria, insects 
or molluscs) to increase bio-ethanol yields from lignocellulosic biomass. (A) Cell wall degrading 
enzymes are cloned and (B) suitable constructs are made with a signal peptide for secretion and (C) 
introduced into the plant under control of a constitutive promoter. (D) Depending on the substrate type, 
the secreted enzyme alters the plant cell wall structure (lignin in brown; hemicellulose in red; pectin in 
green; cellulose in blue) and (E) boost bioethanol yields. 
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1.4.2. Hemicellulose modification 
In plants, up to 35 % of the secondary cell wall consists of hemicelluloses (mainly 
xylans) and it has been shown that chemical removal of hemicelluloses could increase 
cellulose accessibility and hydrolysis. Also higher esterification of xylans with acetate 
reduces enzymatic hydrolysis efficiency. The importance of hemicellulose for the bio-
based economy is also reflected on the global market of industrial enzymes, where 
xylanases comprise approximately 25–28% of total enzyme sales (Shrinivas et al. 
2010). Hence plants with reduced xylan content could be valuable for biofuel 
production. Studies on Arabidopsis revealed several GTs involved in xylan 
biosynthesis. The irregular xylem 7 (irx7), irx8 and irx9 T-DNA insertion mutants are 
deficient in glucoronoxylan biosynthesis and show a collapsed xylem phenotype. 
These mutants exhibit a severe dwarf phenotype, which is not desirable for biomass 
production (Wu et al. 2010). One strategy to overcome this problem is reintroducing 
xylan biosynthesis into these irx-mutants using vessel specific promoters (e.g. VND6 
or VND7). In these lines the morphological phenotype is rescued but hemicellulose 
and lignin content remains low. As a result, the plants show a 42% increase in 
saccharification yield after hot water pretreatment (Petersen et al. 2012).  
The complete hydrolysis of xylan requires the combined actions of various enzymes 
such as endoxylanase (EC 3.2.1.8), β-d-xylosidase (EC 3.2.1.37), α-glucuronidase 
(EC 3.2.1.139), acetyl xylan esterase (EC 3.2.1.72), ferulic/coumaric acid 
esterase (EC 3.2.1.73) and α-l-arabinofuranosidase (EC 3.2.1.55) (Beg et al. 2001; 
Subramniyan and Prema 2002). Large numbers of xylanases have been found in a 
variety of bacteria and fungi some of which have been cloned, characterized 
(Subramniyan and Prema 2002; Jabbour et al. 2013; Alvira et al. 2011) and expressed 
in plants (Borkhardt et al. 2010; Chatterjee et al. 2010).  
The reduction of xylan content in plants to increase cell wall degradability by 
heterologous expression of xylanases was shown by several research groups 
(Borkhardt et al. 2010; Buanafina et al. 2012). For instance, Buanafina et al. (2012) 
studied the production of Trichoderma reesei xylanase (xyn2) targeted towards 
different cell compartments such as Golgi, apoplast and vacuole. The lines with an 
apoplast localized xylanase showed an increased ferulate and arabinose content with 
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decreased amount of xylose. However, these plants had a 30% reduction in enzymatic 
saccharification efficiency.  
An alternative approach to avoid detrimental effects caused by highly active xylanases 
is the use of thermophilic endo-xylanases. In Arabidopsis this strategy resulted in 
plants with normal growth characteristics, indicating that the enzyme is not active 
during plant development (Borkhardt et al. 2010). Cell extraction from dry bio-
engineered stems showed high enzymatic activity during incubation at 85 °C for 24 
hours indicating that the enzyme is not degraded during stem senescence. Engineered 
plants showed a decrease in molecular weight of xylans compared to WT lines; 
however sugar release of these plants has not been reported (Borkhardt et al. 2010). 
Similarly, Chatterjee et al. (2010) successfully expressed a thermophilic xylanase in 
tobacco without any deleterious effect. In this study, the enzyme activity and 
transcript analysis have been identified but there was no information regarding the 
cell wall composition.  
Besides the use of xylanases, other hemicellulose degrading enzymes have been 
expressed in different plants. One of these papers describes the expression of feruloyl 
esterase and β-xylosidase/α-arabinosidase derived from Aspergillus nidulans in A. 
thaliana. These transgenic plants didn’t show any visible phenotype; yet they have 
increased biomass degradability (Pogorelko et al. 2011). Tsai et al (2012) 
demonstrated that in planta expression of carbohydrate esterase (CE15) from the 
white-rot basidiomycete Phanerochaete carnosa resulted in a leaf-yellowing 
phenotype and reduced xylose and glucose content. This study revealed that 
transgenic expression of a fungal glucuronoyl esterase in plants could alter the extent 
of intermolecular cross-linking within plant cell walls. Although, expression of the 
glucuronoyl esterase gene has been studied using the Arabidopsis thaliana (Tsai et al. 
2012), the effects on a bioenergy crops in the context of bio-fuels have been studied 
by Latha Gandla et al. (2014). Expressing fungal glucuronoyl esterase in Populus 
increased lignin content, reduced cellulose content and saccharification yield. 
However, the enzymatic hydrolysis following the acid pretreatment, which efficiently 
removed the inhibitory effects of lignin, resulted in increased cellulose conversion by 
about 12% in the transgenic lines (Latha Gandla et al. 2014). Furthermore, several 
hemicellulose-degrading enzymes have been expressed in different plants. 
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Unfortunately in most of these studies the effect on saccharification yield and cell 
wall composition was not investigated. Most likely these strategies will have a 
positive effect on the saccharification. This can be deduced from the observation that 
the addition of α-xylosidase to commercial cellulase preparations, which lack α-
xylosidase activity, improved fermentable sugar yield (Jabbour et al. 2013). In 
addition, Alvira et al. (2011) emphasized that application of endoxylanase (XlnC) 
from Aspergillus nidulans and α-Larabinofuranosidase from Aspergillus 
niger increased enzymatic hydrolysis for ethanol production on wheat straw by 10%.  
1.4.3. Pectin modification 
Despite the low abundance of pectin in the secondary cell walls that comprise the 
majority of lignocellulosic biomass, recent studies suggest that pectin affects 
secondary cell wall formation (Xiao and Anderson, 2013). Pectins are secreted into 
the cell wall in a highly methyl-esterified form and are subsequently de-esterified in 
the apoplast by pectin methylesterase (PME). As de-methylesterified 
homogalacuronic acid interacts with calcium to form the egg box structure, methyl-
esterification influences the number of the calcium bridges between pectin molecules 
and hence determines to some extent cell wall rigidity (Brummell and Harpster 2001; 
Willats et al. 2001). Expression of PME in poplar was shown to stimulate the length 
of wood fibrils in transgenic lines (Pelloux et al. 2007). In addition, expression of 
fungal polygalacturanase (PG) or pectin methylesterase inhibitor (PMEI) in 
Arabidopsis, tobacco and wheat increased saccharification yield (Lionetti et al. 2010). 
Moreover, mutant Arabidopsis plants affected in genes encoding proteins involved in 
methylesterification (pectin methylesterase 3; pme3) and homogalacturonan 
biosynthesis (quasimodo2-1; qua2-1) revealed that reduction in methylesterification 
of HGA level improves saccharification yield (Francocci et al. 2013).  Also the 
acetylation of pectin affects cell wall recalcitrance with highly acetylated pectin being 
less susceptibility to degradation and hence increasing biomass recalcitrance (Gille 
and Pauly 2012). Expressing poplar pectin acetyl esterase (PtPAE1) in tobacco led to 
lower digestibility of pectin (Gou et al. 2012).  Furthermore, side chains of RGI such 
as galactan, arabinan and arabinogalactan are supposed to modulate cell wall porosity 
by filling wall gaps (Vincken et al. 2003). Therefore, engineering of RGI side chains 
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might result into more porous cell wall structures characterized by a reduced 
recalcitrance (Ulskov et al. 2005).  
1.4.4. Lignin modification 
Lignin is one of the major limiting factors reducing saccharification efficiency (Van 
Acker et al. 2013). The lignin pathway has been well studied (for review see Boerjan 
et al. 2003 and Vanholme et al. 2008) and increasing number of examples show that 
lignin modification can improve the downstream processing of plant biomass. For 
example the Arabidopsis cse (caffeoyl shikimate esterase) mutant deposits less lignin 
than wild-type plants and the remaining lignin is enriched in p-hydroxyphenyl 
units. This lignin modification enhances the conversion of cellulose to glucose in cse 
mutants up to fourfold as compared to that in the wild type without pretreatment 
(Vanholme et al. 2013). Since lignin is essential to support the plant and transport 
water and nutrients from the roots towards the leaves, large reductions in lignin 
content result in undesired phenotypes such as dwarfism (Chen & Dixon 2007). 
Nevertheless, rather than reducing lignin content, changing the structure of the lignin 
polymer might be another elegant way in order to diminish cell wall recalcitrance 
(Grabber et al. 2012; Vanholme et al. 2012). Lignin enriched in S-units is more easily 
removed and more accessible to hydrolytic enzymes and Arabidopsis plants with high 
S-lignin content released more glucose after pretreatment compared to G-lignin 
enriched plants (Li et al. 2010). Furthermore, introducing novel building blocks into 
the lignin polymer can make a structure that is more prone to degradation (Vanholme 
et al. 2012; Eudes et al. 2012). 
1.4.5. Expressing carbohydrate binding modules 
Carbohydrate binding proteins (e.g. carbohydrate binding modules (CBM), expansins 
and swolenins) are non-catalytic proteins, which might interfere with the tightly 
connected polysaccharide network and affect cell growth and expansion. By loosening 
cell wall structures, they increase the cellulose accessibility. The heterologous 
expression of a CBM derived from Clostridium cellulovorans targeted to the cell wall 
in transgenic poplar, tobacco and potato resulted in plants with accelerated plant 
growth (Levy et al. 2002; Shani et al. 1999; Shoseyov et al. 2003). A similar increased 
growth rate was observed when expansins were expressed in Arabidopsis, poplar or 
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rice (Cho et al. 2000; Choi et al. 2003; Gray et al. 2008). In contrast, the heterologous 
expression of CBM derived from Piromyces in Nicotiana bentamina reduced stem 
elongation and delayed flower development without changes in cellulose content 
(Obembe et al. 2006). The effect of expressing non-catalytic proteins on 
saccharification yield has not yet been described. 
1.4.6. Production of water-soluble polymers within the cell wall 
The classical approach to improved feedstock is enhancing cellulose accessibility by 
reducing the concentration of a specific cell wall polymer (either polysaccharide or 
lignin). These modifications most often result in reduced plant fitness since they alter 
the mechanical properties of the cell wall. In order to overcome this negative effect, a 
new strategy has been developed (called ‘Trojan Horse’) whereby soluble 
polysaccharides are introduced into the plant cell wall. These polymers behave normal 
during plant growth and development but display enhanced solubility during 
downstream processing. The idea is to create soluble ‘‘pockets’’, enabling channel 
formation and permitting rapid solvent and enzyme penetration during the 
pretreatment resulting in plants with higher saccharification yields. Alginate, 
carrageenan, acetan, hyaluronan, chitosan and levan polymers derived from algae cell 
wall or bacterial exopolysaccharides could be used as a source of soluble 
polysaccharides. Although this approach is still in its infancy, some of the polymers 
were successfully expressed in plants already.  For example levansucrase (a water-
soluble fructan polymer synthesized from sucrose) of Erwina amylovora was 
produced in Eucalyptus resulting in highly porous cell wall structures compared to 
their wild-type counterparts by using elongation-specific and secondary cell wall 
development promoters since use of constitutive promoters appeared to be lethal and 
no transformants were obtained (Barimbiom-Moshe, 2008). Although this could be 
due to the modified cell wall, according to the author this is a direct result of the 
extensive use of sucrose to produce water-soluble fructan polymer making sucrose 
limiting for cellulose synthesis. Other promising results were obtained by the 
production of resilin in the apoplast of tobacco. The accumulation of this elastomeric 
rubber-like protein of insects in the cell wall improved sugar release from plant 
material (Preis et al. 2013). Similarly, producing hyaluronan into the tobacco apoplast 
"#$%&'(!"! ! *+&(,-./&0,+!
! "#
resulted in plants with enhanced cellulose hydrolysis upon heat and acid pretreatment 
compared to wild-type plants (Abramson et al. unpublished).   
1.5. Concluding Remarks 
Since fossil fuels are limited and their combustion has a significant effect on global 
climate change, the introduction of renewable and sustainable energy sources in our 
economy is a must. Lignocellulosic biomass is an interesting source for both energy 
and products, however the challenge lies in the efficient extraction of fermentable 
sugars from the highly recalcitrant plant cell wall. Lignocellulosic biomass 
saccharification requires pre-treatment to diminish substrate recalcitrance and high 
enzyme loadings, which would otherwise make the cost of ethanol production from 
lignocellulose more expensive than fossil based fuels. Genetic manipulation of plants 
to alter their cell walls is one promising approach to improve lignocellulosic ethanol 
production. However, these modifications (including reducing lignin contents and 
producing glycoside hydrolases in plant cells) create major concerns for plant growth 
and development resulting in plants suffering from severe growth defects (i.e. 
dwarfing, collapsed xylem and low mechanical strength). For in planta expression of 
glycoside hydrolases, tissue specific gene expression or targeting the enzyme to 
specific subcellular compartments is attractive choices to reduce undesired activities 
in the plant or increase enzyme production. Alternatively, thermophilic enzymes, 
which are not active under normal plant growth conditions, are successfully used to 
avoid growth defects. Thus, heterologous expression of cell glycoside hydrolases in 
plants is a potential way to make lignocellulosic biomass suitable for the biorefineries 
and to reduce the cost of biomass processing.  
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Abstract 
 
In order to improve plant biomass for downstream processing, we tried to 
reduce the cell wall recalcitrance by expressing genes coding for cell wall degrading 
(CWD) enzymes in the model plant Arabidopsis thaliana. Here, we used both 
constitutive (e.g. CaMV35S and CsVMV35S) and vascular tissue-specific promoters 
(e.g. C4H). The constitutive promoters were used to achieve efficient and reliable 
expression levels, whereas the tissue-specific promoters were used to modify the cell 
wall while avoiding negative effects on plant development. To ensure secretion into 
the apoplast all proteins contained an N-terminal signal peptide for secretion. The 
selected CWD enzymes originated from plant parasitic nematodes, (thermophilic) 
bacteria and fungi. In total 66 different overexpression constructs were made and 
introduced in Arabidopsis. From this plant collection that are expressing genes coding 
for different cell wall degrading enzyme, 21 homozygous single insert lines were 
selected. The constitutive expression of genes coding for xylanase (RsXYL), 
xylogalacturonase (AnXGA), and pectinmethlyesterase (AnPME) in Arabidopsis 
resulted in severe growth defects. On the other hand, preliminary results indicate that 
the expressing of galactanase (HsGAL), endoglucanase (RsENG), polygalacturanase 
(MgPG) and pectate lyase (PcPL) in Arabidopsis improved saccharification yield. 
This collection of transgenic plants would enable us to understand the flexibility of 
the cell wall. This knowledge and additional insight into the complexity of the plant 
cell wall might help to optimize feedstock for biofuel production. 
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Introduction 
 
The complex and tight interactions of the different polymers within the plant cell wall 
reduce the enzymatic hydrolysis efficiency of biomass. Due to its chemical 
complexity as well as its hydrophobicity the aromatic polymer lignin is generally 
considered an important limiting factor in this process. However, the cell wall micro-
architecture and cell wall porosity – both crucial parameters for saccharification 
efficiency – are largely determined by polysaccharide linkages, indicating that lignin 
is not the only limiting factor determining cell wall recalcitrance (Van Acker et al. 
2013).  
In order to improve the release of fermentable sugars from the cell wall, chemical or 
physical pretreatments are applied. These pretreatments reduce the cell wall 
recalcitrance by 1) breaking down hydrogen bonds in cellulose fibrils, 2) relaxing 
cross-linked hemicelluloses and pectin, and 3) increasing cellulose surface area for 
enzymatic hydrolysis (Mood et al. 2013). However, the use of pretreatments has some 
serious drawbacks. It requires high-energy input, is often polluting and increases the 
cost of converting biomass into sugars. In a subsequent step the biomass is treated 
with enzymes to convert the cellulose into fermentable glucose (a process called 
saccharification). In the cellulase rich enzyme mixture, substantial amounts of 
hemicellulases are added to degrade cross-linked polysaccharides and increase the 
saccharification yield. Genetic engineering could be applied to develop and improve 
biomass for biofuel and biomaterial production. Appropriate modification of plant cell 
walls by expressing genes coding for cell wall modifying proteins could result in 
plants with tailor made cell walls, optimized for efficient downstream processing. 
Therefore we optimized a transformation pipeline to express such genes in 
Arabidopsis thaliana, and characterize the effects on the cell wall (Fig. 1).   
An important benefit of this approach where cell wall degrading enzymes are 
produced in the plant during growth and development is the fact that it avoids 
problems related to the production of these enzymes through fermentation and 
performing time and energy consuming post-harvest pre-treatments (e.g. high enzyme 
production costs, low enzyme activity, enzyme stability problems, transport and 
storage costs etc.).  
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In addition, by modifying the cell wall during growth and development we hoped to 
obtain a deeper insight in the composition and importance of the polysaccharide 
network of the plant cell wall. This knowledge is essential to understand the limiting 
factors of cell wall hydrolysis and will help us in the further engineering of plant cell 
walls to produce biomass optimized for downstream processing.  
A substantial set of our selected genes was derived from plant-parasitic nematodes. 
These parasites secrete a battery of cell wall degrading (CWD) enzymes to weaken 
the plant cell walls during their migration in the plant root.  To be successful in their 
infection process, nematodes secrete enzymes targeting the major polysaccharides of 
the cell wall such as endoglucanase (Smant et al., 1998), polygalacturonase (Jaubert et 
al. 2002), xylanase (Mitreva-Dautova et al., 2006), pectate lyase (De Boer et al. 
2002). The nematode genes used for this project were cloned before by the lab of Prof 
G. Gheysen who has a long lasting experience with these parasites (Haegeman et al. 
2009, 2010; Vanholme et al. 2009). The rationale behind the use of nematode genes 
was based on the fact that we searched for eukaryotic genes that were not used before 
for this approach.  Interestingly, cell wall degrading enzymes of plant parasitic 
nematodes (PPNs) show sequence similarity to enzymes of plant pathogen bacteria. 
Many of the genes encoding cell wall degrading enzymes in PPNs resemble bacterial 
sequences, suggest these genes might have been acquired from bacterial plant 
pathogens via horizontal gene transfer (HGT) (Danchin et al. 2010). Gene flux from 
bacteria to PPNs has been proposed to play a role in the evolution of parasitism. 
Acquired genes via HGT provide an advantage to PPN to modify and degrade plant 
cell wall efficiently (Haegeman et al. 2013).!Many of PPNs encode different plant cell 
wall-degrading enzymes that constitute an unprecedented arsenal in animals in terms 
of both abundance and diversity (Danchin et al. 2010).  By using nematode genes we 
could also avoid the use of prokaryotic genes and hence avoid problems related to 
protein translocation and post-translational modifications of these prokaryotic proteins 
in a eukaryotic expression system. Genes of bacterial expressing genes coding for 
CDW enzymes have been identified in all PPNs species that have been examined at 
the molecular level in any detail (Smant et al. 1998; Jaubert et al. 2002; De Boer et al. 
2002; Mitreva-Dautova et al. 2006). Therefore, selection of cell wall degrading 
enzymes derived from PPNs has a potential to reduce cell wall recalcitrance of 
lignocellulosic biomass for biofuel production.    
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However, at the later stage of the project cell wall degrading enzymes derived from 
(thermophilic) bacteria and fungi were added to the growing pool of candidate genes 
(Bauer et al. 2006; Canakci et al. 2007; Inan et al. 2011) (Table 1).   
 
 
Figure 1. Overview of the project pipeline depicting the time needed for the different steps. A) In the 
first step the gene of interest is cloned. B) After transferring the construct to Agrobacterium, 
Arabidopsis plants are transformed by floral dip. C) Only two generations are needed to identify 
homozygous (HO) plants when using the pFAST vector system (in contrast to three generations when 
classical Genotyping is used). D) Homozygous plants are first grown for 8 weeks under short day (SD) 
conditions before shifting them to long day (LD) conditions to trigger bolting. E) Senesced stem 
material is used for cell wall characterization. F) Superior lines are used for crossing experiments to 
combine different enzymes in one plant. At the same time constructs are being transferred to poplar.  
 
 
  
Chapter 2 Modifying cell walls of Arabidopsis thaliana 
!
! $&
Results and Discussion 
Generating transgenic plants 
The genes of interest were (sub)cloned in multisite compatible Gateway-vectors, 
which gave the flexibility to combine the candidate genes with different promoters 
and resistance genes. Both constitutive (CaMV35S, CsVMV35S) as well as tissue-
specific promoters were used. The vascular specific C4H (At2g30490) promoter was 
included to achieve efficient and reliable transgenic expression and minimize negative 
effects on plant development (Bell-Lelong et al. 1997). In addition we included a 
trichome specific promoter for some genes (e.g. putative cellulases and pectate lyases) 
to produce and test the enzymes in planta while avoiding detrimental effects on plant 
growth and development. Since the substrates for the enzymes accumulate in the 
apoplastic region, the enzymes had to be targeted towards the extracellular space. 
Therefore a signal peptide for secretion (SP) from phaseolin (Q43633) was added. For 
some of the nematode genes (i.e. HsGAL and RsENG) the endogenous signal peptide 
for secretion was used rather than the phaseolin SP, assuming that the plant secretory 
machinery would recognize the nematode SP, based on the functional conservation of 
the secretory pathway between eukaryotes. Finally, to facilitate crossing experiments 
at a later stage in the project, two different selective chemicals were used 
(phosphinothricin and Km) (Table 2).  
During the initial attempt to combine different constructs we had difficulties related to 
gene silencing, most likely a direct consequence of sequence similarity between 
different constructs. To avoid this problem constructs were created with minimal 
sequence overlap in their T-DNAs (by using different promoters, UTRs and resistance 
genes). Each step of the pipeline was optimized for maximal efficiency to reduce the 
time between gene selection and the generation of homozygous transgenic plants. 
Where possible, cloning was performed in pFAST-Gateway vectors (Shimada et al. 
2010), which allow the selection of homozygous Arabidopsis lines in only two instead 
of three generations. This selection is based on the expression of GFP under a seed-
specific promoter (Oleosin), which theoretically allows the discrimination between 
homo- and heterozygotes. However, the GFP based selection turned out to be difficult 
in our hands.  
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For several of the constructs gene silencing resulted in a reduced GFP signal in the 
transgenic lines (SSoENG, AnPL, AnARDS and AnABF expressing plant lacked GFP 
signal despite being transformed with a pFAST construct). However, we continued to 
screen these lines based on their resistance to antibiotics. In addition, it was often 
difficult to distinguish homozygous from heterozygous seeds, something that was not 
described in the original paper (Shimada et al. 2010). This could be the result of GFP 
instability in the oil body (Tzen et al. 1993; Campbell and Choy, 2001), combined 
with spatial and temporal differences in pH in the plant tissue (Yu et al. 2000; Staal et 
al. 2011; Monshausen et al. 2011; Moseyko and Feldman, 2001). When confronted 
with this situation, T3 seeds were screened to confirm the homozygosity of the 
selected line.  
For each transformation event, eight independent lines were selected. These were 
further screened for single insert events and at least 3 independent homozygous lines 
were selected for further analysis. Whenever possible, the activity of the enzymes in 
plant extracts was tested using the appropriate enzymatic assay. Finally, for most of 
the constructs listed in table 2 three independent lines were grown together with WT 
plants under controlled conditions for the chemical characterization of their cell wall 
composition (Fig.1). This unique collection might later be used for gene stacking, 
where different lines will be crossed to combine different CWD enzymes in one plant.  
During the project, we successfully generated 66 different overexpression constructs 
and introduced them in Arabidopsis (table 2). Among the different enzymes and cell 
wall-modifying proteins are cellulases, xylanases, pectate lyase, polygalacturonase, 
expansin, rhamnogalacturonase, arabinofuronisidase, ferulic acid esterase, 
mannosidase, endomannanse, xylosidase, fucosidase, rhamnosidase, 
xylogalacturonase, acetyl xylan esterase, pectin methyl esterase, carbohydrate binding 
module (CBM) and galactosidase. For the majority of the constructs homozygous 
single insert lines were obtained. 
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Table 1. Source of candidate genes to generate Arabidopsis lines expressing genes coding for CWD 
enzymes. Candidate genes were selected from bacteria, fungi and plant-parasitic nematodes. 
  
  
Abbreviation Enzyme Organism Accession no. Known substrate Reference 
ce
llu
la
se
s 
  SsENG endoglucanase Sulfolobus solfataricus AE006641.1 Soluble CMC Klose et al, 2012 
  RsENG endoglucanase Radopholus similis EF693943.1 *N.D. Haegeman et al. 2008 
  DaENG endoglucanase Ditilenchus africanus GU139193.1 *N.D. Kyndt et al. 2008 
  AnENG endoglucanase Aspergillus nidulans AN1285.2 Soluble CMC Bauer et al. 2006 
  TrENG endoglucanase   Trichoderma reesei Y11113.1 Soluble CMC Lee et al. 2011 
H
em
ic
el
lu
la
se
s 
X
yl
an
 
RsXYL xylanase Radopholus similis EU190885.1 birch wood xylan Haegeman et al. 2009 
XYLB xylanase Dictyoglomus thermophilum U76545 birch wood xylan Borkhard et al. 2010 
AfXAE xylan acetyl esterase Anoxybacillus flavithermus   CP000922.1 *N.D. Unpublished 
GcXYL xylanase Geobacillus caldoxylolyticus JF792185.1 birch wood xylan Inan et al. 2011 
AnFAE ferulic acid esterase Aspergillus nidulans AN5267.2 PNP-acetate,wheat arabinoxylan Bauer et al. 2006 
M
an
na
n AnMND b-mannosidase Aspergillus nidulans AN6427.2 LBG; locust bean gum, GG; gum guar Bauer et al. 2006 
AnAGL a-galactosidase Aspergillus nidulans AN8138.2 PNP- galactoside, raffinose, LBG, GG Bauer et al. 2006 
X
yl
og
uc
an
 
AnAFC a-fucosidase Aspergillus nidulans AN8149.2 Cotton XG oligomers Bauer et al. 2006 
AnAXL a-xylosidase Aspergillus nidulans AN7505.2 PNP-&-xyloside Bauer et al. 2006 
Pe
ct
in
as
es
 
R
ha
m
no
ga
la
ct
ur
on
an
 I 
MgPG polygalacturonase Meloidogyne graminicola  NA *N.D. Bauer et al. 2006 
AnRGX exopolygalacturonase Aspergillus nidulans AN8761.2 Pectic acid, less active on citrus pectin Bauer et al. 2006 
AnRHG rhamnogalacturonase Aspergillus nidulans AN9134.2 Linseed RG Bauer et al. 2006 
AnRGL rhamnogalacturonan lyase Aspergillus nidulans AN6395.2 Linseed RG Bauer et al. 2006 
AnARD a-rhamnosidase Aspergillus nidulans AN10277.3 RG oligomers Bauer et al. 2006 
AnABN endoarabinosidase Aspergillus nidulans AN6352.2 Debranched arabinan Bauer et al. 2006 
AnABF a-arabinofuranosidase Aspergillus nidulans AN1571.2 PNP- arabinofuranoside,sugar beet arabinan Bauer et al. 2006 
GcABF α-l-arabinofuranosidase Geobacillus caldoxylolyticus DQ883641.1 sugar beet arabinan Canakci et al. 2007 
HsGAL arabinogalactan endogalactosidase 
Heterodera schachtii 
GU060634.1 *N.D. Vanholme et al. 2009 
H
G
 
MgPL pectate lyase Meloidogyne graminicola  NA *N.D. Haegeman et al. 2013 
PcPL pectate lyase Pratylenchus coffeae  NA *N.D. Haegeman et. 2011 
AnPL pectin lyase Aspergillus nidulans AN2331.2 Citrus pectin Bauer et al. 2006 
AnPME pectin methyl esterase Aspergillus nidulans AN3390.2 Citrus pectin Bauer et al. 2006 
X
G
 
AnXGH xylogalacturonase Aspergillus nidulans afu8g06890 Water melon xylogalacturonan Bauer et al. 2006 
    RsCBM carbohydrate binding module Radopholus similis     Haegeman et al. 2009 
 *ND; Not determined 
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Table 2. Collection of cell wall degrading enzymes expressed in A. thaliana under a constitutive or 
tissue specific promoter in combination with different resistance gene.  
 Number    Code Constructs Promoter Selection Status Phenotype 
1. CWD-01.1 SPXYL-pK7WG2  pCaMV 35S Km Completed Growth Defect 
2. CWD-02.1 SPCBM-pK7WG2 pCaMV 35S Km Completed Increased biomass 
3. CWD-03.1 RsXYL-pK7WG2 pCaMV 35S Km     Completed No visible detectable phenotype 
4. CWD-04.1 SPXYLCBM-pK7WG2 pCaMV 35S Km Completed No visible detectable phenotype 
5. CWD-01.2 SPXYL-pBM43GW pCsVMV BAR Completed Growth defect 
6. CWD-04.2 SPXYLCBM-pBM43GW pCsVMV BAR Completed No visible detectable phenotype 
7. CWD-02.2 SPCBM-pBM43GW pCsVMV BAR Postponed  NA 
8. CWD-03.2 pRsXYL-pBM43GW  pCsVMV BAR Postponed NA 
9. CWD-03.3 RsXYL-pFASTG02 pCaMV 35S BAR Postponed NA 
10. CWD-01.3 SPXYL-pFASTG02 pCaMV 35S BAR Completed Growth defect 
11. CWD-04.3 SPXYLCBM-pFASTG02 pCaMV 35S BAR Postponed NA 
12. CWD-02.3 SPCBM-pFASTG02 pCaMV 35S BAR Postponed NA 
13. CWD-01.4 SPXYL-pBM43GW pC4H BAR Completed Growth defect 
14. CWD-02.4 SPCBM-pBM43GW pC4H BAR Postponed NA 
15. CWD-03.4 RsXYL-pBM43GW pC4H BAR Postponed NA 
16. CWD-04.4 SPXYLCBM-pBM43GW pC4H BAR Postponed NA 
17. CWD-01.5 SP:XYL-pFASTR05 pTrichome specific Km Completed No visible detectable phenotype 
18. CWD-01.6 SP:XYL-pFASTR05 pSND1 Km Continue Genotyping 
19. CWD-05.1 MgPL-pK7WG2  pCaMV 35S Km Postponed NA 
20. CWD-06.1 SPMgPL-pK7WG2 pCaMV 35S Km Postponed NA 
21. CWD-07.1 MgPG-pK7WG2 pCaMV 35S Km Postponed NA 
22. CWD-08.1 SPMgPG-pK7WG2 pCaMV 35S Km Postponed NA 
23. CWD-09.1 PcPL-pK7WG2 pCaMV 35S Km Postponed NA 
24. CWD-10.1 SPPcPL-pK7WG2 pCaMV 35S Km Postponed NA 
25. CWD-05.2 MgPL-pBM43GW pCsVMV BAR Completed No visible detectable phenotype 
26. CWD-06.2 SPMgPL-pBM43GW pCsVMV BAR Completed No visible detectable phenotype 
27. CWD-07.2 MgPG-pBM43GW pCsVMV BAR Completed No visible detectable phenotype 
28. CWD-08.2 SPMgPG-pBM43GW pCsVMV BAR Completed + 
29. CWD-09.2 PcPL-pBM43GW pCsVMV BAR Completed No visible detectable phenotype 
30. CWD-10.2 SPPcPL-pBM43GW pCsVMV BAR Completed + 
31. CWD-05.3 MgPL-pFASTG02 pCaMV 35S BAR Postponed       NA 
32. CWD-06.3 SPMgPL-pFASTG02 pCaMV 35S BAR Postponed NA 
33. CWD-07.3 MgPG-pFASTG02 pCaMV 35S BAR Postponed NA 
34. CWD-08.3 SPMgPG-pFASTG02 pCaMV 35S BAR Postponed NA 
35. CWD-09.3 PcPL-pFASTG02 pCaMV 35S BAR Postponed NA 
36. CWD-10.3 SPPcPL-pFASTG02 pCaMV 35S BAR Postponed NA 
37. CWD-10.4 SPPcPL-pFASTR05 pTrichome specific Km Completed No visible detectable phenotype 
38. CWD-11.1 RsENG-pFASTG02 pCaMV 35S BAR Completed + 
39. CWD-12.1 DaENG-pFASTG02 pCaMV 35S BAR Stopped No transgenic plant 
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40. CWD-12.2 DaENG-pFASTGXX pTrichome specific BAR Completed No visible detectable phenotype 
41. CWD-13.1 split1 RsENG-pFASTG02 pCaMV 35S BAR Postponed NA 
42. CWD-14.1 split2-RsENG-pFASTG02 pCaMV 35S BAR Postponed NA 
43. CWD-13.2 split1-RsENG-pFASTR02 pCaMV 35S BAR Postponed NA 
44. CWD-14.2 split2-RsENG-pFASTR02 pCaMV 35S BAR Postponed NA 
45. CWD-15.1 TrCEL-pFASTG02 pCaMV 35S BAR Genotyping NA 
46. CWD-16.1 TrCEL:CBM-pFASTG02 pCaMV 35S BAR Genotyping NA 
47. CWD-17.1 SSoENG-pFASTG02 pCaMV 35S BAR Genotyping NA 
48. CWD-18.1 AnENG-pFASTG02 pCaMV 35 S BAR Genotyping NA 
49. CWD-19.1 AnFCDS-pFASTG02 pCaMV 35 S BAR Genotyping NA 
50. CWD-20.1 AnXYDS-pFASTG02 pCaMV 35 S BAR Genotyping NA 
51. CWD-21.1 AnFAE-pFASTG02 pCaMV 35 S BAR Genotyping NA 
52. CWD-22.1 AnMNS-pFASTG02 pCaMV 35 S BAR Genotyping NA 
53. CWD-23.1 AnGLDS-pFASTG02 pCaMV 35 S BAR Genotyping NA 
54. CWD-24.1 AnPL-pFASTG02 pCaMV 35 S BAR Genotyping NA 
55. CWD-25.1 AnPG-pFASTG02 pCaMV 35 S BAR Genotyping NA 
56. CWD-26.1 AnPME-pFASTG02 pCaMV 35 S BAR Stopped Growth defect 
57. CWD-27.1 AnRGNS-pFASTG02 pCaMV 35 S BAR Genotyping NA 
58. CWD-28.1 AnRGL-pFASTG02 pCaMV 35 S BAR Genotyping NA 
59. CWD-29.1 AnARDS-pFASTG02 pCaMV 35 S BAR Genotyping NA 
60. CWD-30.1 AnABF-pFASTG02 pCaMV 35 S BAR Genotyping NA 
61. CWD-31.1 AnXGH-pFASTG02 pCaMV 35 S BAR Stopped Growth defect 
62. CWD-32.1 AnRDS-pFASTG02 pCaMV 35 S BAR Genotyping NA 
63. CWD-33.1 AkABF-pFASTG02 pCaMV 35 S BAR Genotyping Genotyping 
64. CWD-34.1 GcABF-pFASTG02 pCaMV 35 S BAR Genotyping Genotyping 
65. CWD-35.1 GcXYL-pFASTG02 pCaMV 35 S BAR Genotyping Genotyping 
66. CWD-36.1 AfXAE-pFASTG02 pCaMV 35 S BAR Genotyping Genotyping 
+: Increased saccharification yield compared to control plants; NA: Not available; Postponed: T0 
transgenic plant has ben received but we didn’t make them homozygous.  
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Expression of genes coding for CWD-26.1 (Xylogalacturonase) and CWD-31.1 
(Pectin methyl esterase) in Arabidopsis resulted in dramatic phenotype 
Despite the general importance of the cell wall, only few of the generated transgenic 
lines had a dramatic growth phenotype upon expression of a gene coding for a 
specific cell wall degrading enzyme. For example, expression of xylogalacturonase 
(Fig. 2A) resulted in dwarfed and distorted plants. Xylogalacturonase degrades XGA, 
pectin reported to be present in reproductive tissues (Zandleven et al. 2007). However, 
the dramatic growth defects in developing plants underpins the important role of this 
polymer in other tissues. This is the first report of xylogalacturonase expressing 
plants, and the further characterization of these lines could give further insight into the 
importance of this polymer in the formation of a fully functional cell wall.  
Also the expression of a gene from A. nidulans coding for a pectin methyl esterase 
caused a dramatic yield penalty (Fig. 2B). Similar to our result, expression of a fungal 
pectin methyl esterase in tobacco resulted in short internodes, small leaves and a 
dwarfed phenotype (Hasunuma et al. 2004). These phenotypes could either be 
explained as a direct consequence of decreased methylation of homogalacturonan or 
by increased susceptibility of the homogalacturonan to endogenous endoPG. Pectin is 
secreted into the apoplast in a highly methyl-esterified form (Driouich et al. 2012) and 
removing the methyl group of GalA residues allows the formation of intermolecular 
Ca2+-mediated crosslinks (Vincken et al. 2003). These crosslinks are generally 
thought to increase cell wall stiffness. However, recent studies have proposed that 
pectin demethylesterification might also increase its susceptibility to enzymatic 
degradation, loosening the wall (Peaucelle et al. 2011). Depending on its 
consequences, the methyl-esterification status of pectin can thus have complex effects 
on plant growth (Peaucelle et al. 2012).  Furthermore, Lionetti et al. (2010) 
demonstrated that overexpression of a PME inhibitor (PMEI) resulted in increased 
biomass in transgenic Arabidopsis. In wheat this effect was less pronounced, 
illustrating the difference in cell wall composition between mono and dicot plants. 
Together, these results suggest that pectin crosslinks likely influences the growth rate 
and the final size of plant tissues. Further detailed analysis of pectin modification and 
biomass or saccharification yield will be an important future research avenue.  
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Figure 2. Phenotype of Arabidopsis plants expressing genes coding for cell wall modifying proteins 
that caused a dramatic phenotype; (A) xylogalacturonase, and (B) pectin methylesterase derived from 
Aspergillus nidulans.  
The low number of lines with a severe growth phenotype underpins the complexity of 
the plant cell wall, where the production of one single enzyme in the plant is not 
sufficient to modify the cell wall to such extent that it results in dramatic growth 
defects. On the other hand, it could illustrate the flexibility of the cell wall, whereby 
compensatory mechanisms exist in response to cell wall damage in order to ensure 
maintenance of a functional cell wall.  
Expression of a gene coding for CWD-02.1 (carbohydrate binding module) 
increases biomass in Arabidopsis 
In contrast to most of the proteins used in this study, CBMs interact with 
polysaccharides but lack catalytic activity. They are often fused to a catalytic domain 
to increase the efficiency of the enzyme (Bolam et al. 1998; Gill et al. 1999). Over 
200 CBMs have been described in literature, all with unique binding capacity to 
specific (poly) saccharides (Guillen et al. 2010). The CBM we used in this study was 
cloned from Radopholus similis and exists as a domain of a secreted endoglucanase 
(Haegeman et al. 2008). CBM of the plant-parasitic nematode R.similis was 
constitutively expressed in Arabidopsis thaliana Col-0 under control of the 
cauliflower mosaic virus (CaMV) 35S promoter. Five independent transformed lines 
were isolated and two single insert lines (SP: CBM-2 and SP: CBM-3) were further 
selected to the T3 stage based on their resistance to kanamycin. One of the selected 
lines (CBM-3) had an increased rosette diameter and longer stems compared to wild-
type (wt) plants (Fig. 3) resulting in a 7% increase in biomass. We couldn’t detect any 
significant increased in biomass for other SP: CBM lines (data not shown here) that 
might be due to the low expression of CBM in these lines. 
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Figure 3. Arabidopsis plants expressing genes coding for a carbohydrate-binding module (CBM) of an 
endoglucanase derived from Radopholus similis show an increase in biomass. (A), (C), 9 weeks old 
transgenic plants which are grown under SD condition have bigger rosettes than wild type plants. (B) 
Transgenic plants have a taller stem compared to wild type control plants. *** Indicates significant 
difference in rosette diameters from the wild type (t-test, p < 0.001). 
 
These results are in agreement with published data. Expression a gene coding for a 
Heterodera schachtii CBM interacting with pectin methylesterase (PME) in 
Arabidopsis showed increased root length (Hewezi et al. 2008). Similarly, Kilburn et 
al. (2000) reported that the overexpression of CBM27 (coding for a protein that 
interacts with mannan) enhanced plant growth. On the other hand a reduction in plant 
growth rate as well as delay in plant development was reported for transgenic tobacco 
plants expressing the CBM29-1-2 (Obembe et al. 2007b).   
Although the expressing of CBM has the potential to increase yield, additional 
experiments are required to confirm these results under different growth conditions. 
Moreover, it will be interesting to check the cell wall composition as well as the 
saccharification yield of the transgenic lines.  
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Expression of a gene coding for CWD-11.1 (endoglucanase) in Arabidopsis 
improves saccharification yield 
Endoglucanases or endo-1,4-beta-glucanases (EC 3.2.1.4), break down the beta-1,4-
linkages of the cellulose component. Based on sequence similarity the endoglucanases 
are classified in different glycosyl hydrolase families (GHF) (Henrissat, 1991). Genes 
belonging to the GHF5 family are found in various plant-parasitic bacteria and 
nematodes and the endoglucanase of Radopholus similis (Rs-ENG) used in this study 
belongs to this family. Primers were constructed to amplify the gene, which was 
subsequently cloned in the plant transformation vector pFASTG02 to allow 
constitutive (35S-driven) expression in Arabidopsis. Using the computer program 
SignalP, an N-terminal signal peptide for secretion was predicted in the protein 
sequence with a putative cleavage site between amino acids 22 and 23. 
Visual observation of greenhouse grown plants (9 weeks at SD condition) did not 
reveal any obvious phenotypic differences on rosette diameters compared to wild type 
(WT) plants (data not shown here). The absence of a phenotype could be a direct 
consequence of the absence of gene expression. Alternatively the produced enzyme 
could be inactive in plants. To check for this, plant protein extracts were used in an in 
vitro enzyme activity assay. Proteins were extracted from leaves and spotted on agar 
plates containing carboxy-methyl cellulose (CMC). After 1-hour incubation at 37˚C, 
these plates were stained with Congo red and subsequently destained with NaCl. The 
diameter of the obtained halo was measured (Figure 4) and used as parameter for the 
endoglucanase activity. As a positive control 1U cellulase of Aspergillus niger 
(Sigma-Aldrich) was used. Halos were only obtained for the positive controls and not 
for the protein extracts of the ENG lines (Fig 4). Since most endoglucanases have 
highest activity at lower pH, CMC plates were made with acetate buffer (pH 4.8). 
However, this interfered with the staining procedure, as staining was lost in positive 
controls under these conditions (Figure 4b). Alternatively, we repeated the experiment 
using higher protein concentrations. Despite these efforts, we were not able to show 
any endoglucanase activity in protein extracts obtained from the ENG overexpressing 
lines. 
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Figure 4- Enzyme activity assay of Arabidopsis lines expressing genes coding for ENG. A) The 
enzyme activity assay with normal CMC plates (MQ water) did not show any activity for the RsENG 
lines. B) When the plates were made with an acetate buffer (pH 4.8), the Congo Red staining did not 
work properly. 
!
Despite the lack of visible phenotype and the absence of enzymatic activity in the 
plant extracts, we analyzed saccharification yield of four independent lines. This 
experiment was performed on completely dry stems of plants grown for 9 weeks at 
SD condition followed by LD conditions. Interestingly, compared to WT plants the 
Rs-ENG overexpressing lines showed an increase in saccharification yield at 24 h of 
incubation without pretreatment (Fig 5).  This result suggested that the introduced 
endoglucanase was active in the plant and improved the cellulose accessibility of the 
cell wall.  
To find additional evidence for an effect on the cell wall Rs-ENG expressing plants 
were crossed with a lignin biosynthesis mutant (c4h mutant). Double homozygous 
plants showed a conditional phenotype that was not observed in the parent lines 
grown under similar growth conditions. The overexpression of the endoglucanase in 
the c4h background resulted in plants with reduced rosette diameter when grown 
under short day condition (Fig 6). Hence it is tempting to speculate that the 
conditional phenotype is a direct consequence of a better accessibility for the 
endoglucanase to its substrates in a cell wall with reduced lignin content. 
In contrast to Taylor et al. 2008 who obtained stunted and deformed plants upon the 
expression of mesophilic endoglucanase, here we report that Arabidopsis plant 
expressing a similar endoglucanase from R.similis resulted in less recalcitrant biomass 
!" #"
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without causing a yield penalty. Therefore, generating RsENG overexpressing 
bioenergy crops could lead to an elegant way to reduce biofuel production cost from 
biomass. 
 
Figure 5. Saccharification analysis. Release of reducing sugars was determined at 4, 24, 48 and 72 
hours. All transformed plants showed increases in saccharification yield compared to wild type after 24 
hours. Values show averages ± SD (n=8 for all transformants and wild type). ** and * indicate a 
significant difference from the wild type (t-test, p < 0.05 for *, p<0.01 for **). 
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Figure 6. Rosette phenotype of an ENG x c4h plant together with its representative parent lines. Plants 
were grown for 9 weeks under short day growth condition.  Double mutant (DM); ENG & c4h plants. 
The graph shows the average diameter of the rosettes ± SE (n=10). *** Indicates a significant 
difference in rosette diameters from the wild type (t-test, p < 0.0001).  
Expression of genes coding for CWD-07.2 and CWD-08.2 (polygalacturonases) in 
Arabidopsis alter the cell wall composition 
Pectin is mainly present in the middle lamella and the primary cell wall and functions 
as a matrix anchoring the cellulose and hemicellulose fibers (see Chapter 1) (Carpita 
and Gibeaut, 1993).  Pectin breakdown leads to the maceration of plant tissues, the 
characteristic symptom of soft-rot diseases (Lietzke et al. 1994). Despite its low 
abundance in the secondary cell wall (~5% in Arabidopsis), recent studies indicated 
that this polymer influences secondary cell wall formation and hence the 
saccharification yield of biomass (Xiao and Anderson, 2013). Recently, Pakarinen et 
al. (2012) showed that adding pectinase during fiber hemp processing removed pectin 
and improved the accessibility of cellulose to degradative enzymes. Hence, the 
modification of pectins is of interest for biomass improvement (Xiao and Anderson, 
2013).  
Polygalacturanases (PG) are pectin degrading enzymes that catalyze the hydrolysis of 
the pectic polygalacturonic acid and release oligogalacturonides. According to its 
mode of action PGs are classified as endo- or exo-polygalacturonase.  
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EndoPGs can cleave the backbone of polygalacturonan internally, whereas exoPGs 
hydrolyze monomers progressively from the non-reducing end of the substrate 
(Jaubert et al. 2002). !In our study, a gene coding for a putative exo-polygalacturonase 
was cloned from the plant parasitic nematode Meloidogyne graminicola and 
expressed in Arabidopsis. Based on blast similarity, the enzyme was classified as 
belonging to GH28 superfamily of hydrolases. The enzyme encoded by this gene will 
be referred to as MgPG. The ORF of the gene was cloned in the plant transformation 
vector pBM43GW with and without endogenous signal peptide (SP) and the 
expression was driven by the cassava vein mosaic virus (CsVMV) 35S promoter to 
allow constitutive expression in Arabidopsis.  
 
 
Figure 7. Saccharification analysis. Release of reducing sugar was determined at 4, 24, 50 and 73 
hours. Plants overexpressing gene coding for MgPG modified with a signal peptide for secretion 
showed increases in saccharification yield compared to wild type plants after 24 hours. Values show 
average ± SD (n=6 for all transformants and wild type). ** and * indicate a significant difference from 
the wild type (t-test, p < 0.05 for *, p<0.01 for **). 
Transformants expressing gene coding for polygalacturonase with an N-terminal 
signal peptide increased the saccharification yield compared to the control with up to 
33%, 27 % and 10 % at 24 h, 50 h and 73 h of incubation, respectively (Fig. 7). These 
transgenic lines also showed a 21-24% reduction in lignin content (Fig. 8A).  
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No differences in cellulose and trifluoroacetic acid (TFA) extracted hemicellulose 
content compared to wild type plants were found (Fig 8B-8C). Interestingly, despite 
the drop in lignin content no visible growth defect was observed (data not shown 
here). Plants expressing the polygalacturonase without SP didn’t show any 
saccharification yield improvement (data not shown here). This indicates that the 
signal peptide is essential to target the enzyme to the apoplast where it can reach its 
substrate and hence modify the cell wall. In the absence of a SP no interaction 
between enzyme and substrate occurs, as the enzyme will be trapped inside the cell. 
Consequently the cell wall will not be degraded as long as the enzyme is not secreted. 
However, we cannot exclude the possibility that the enzyme without SP is inactive for 
the simple reason that the cytosolic protein lacks putative posttranslational 
modifications such as N-glycosylation, which are added in the endoplasmic reticulum 
and further modified in the Golgi, subcellular localizations where the cytosolic protein 
will never pass.   
 
Figure 8. Cell wall characterization of polygalacturonase expressing Arabidopsis plants. (A) Lignin 
quantification, (B) Cellulose measurement, (C) TFA extracted hemicellulose amount.  Values show 
average  ± SD (n=6).   * Indicates a significant difference from wild type  (t-test, p < 0.05 for *). 
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Previous experiments expressing fungal PG in tobacco and in Arabidopsis resulted in 
plants with growth defects and reduced biomass (Capodicasa et al. 2006), an effect 
that was linked to high expression levels of an enzyme with high activity. To 
overcome this problem a mutated version of the Aspergillus niger pgaII gene 
encoding a PG with diminished specific activity was introduced in Arabidopsis 
(Lionetti et al. 2010). This approach resulted in plants without visible growth defect, 
but with improved saccharification yield. At this point we have no information 
whether the lack of a significant growth phenotype in our overexpression lines is due 
to the low expression level of the introduced gene, or whether the nematode PG has 
lower activity compared to the fungal enzymes.  
An interesting result is the reduced lignin content in the transgenic lines compared to 
WT plants, and this lignin reduction was not linked to dramatic growth defects. 
Despite previous studies on the in planta expression of PG, a detailed cell wall 
characterization of the obtained lines was never performed (Lionetti et al 2010, 
Capodicasa et al. 2006). Lignin polymerization has been postulated to initiate in the 
pectin rich lamella that lies between the walls of adjacent cells, suggesting that there 
might be functional interaction between pectins and lignin polymers (Vestelmark et 
al. 1986). The finding that in vitro polymerization of lignin in cellulose networks 
produced by Gluconacetobacter xylinus, was affected by addition of pectin support 
this hypothesis (Touzel et al, 2003). Here we provide evidence that pectin 
modification affects lignification, supporting the hypothesis that pectins form 
nucleation sites for lignin polymerization. Additional evidences are required to prove 
connection between pectin biosynthesis and secondary cell wall formation.  
In conclusion, we suggest that SP:MgPG could be used to reduce the cell wall 
recalcitrance, most likely by reducing lignin levels. However, additional experiments 
will be required such as detail cell wall characterization analysis to see how cell wall 
building composition is changed in these transgenic lines. 
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Transgenic expression of genes coding for CWD-09.2 and CWD-10.2 (pectate 
lyases) in Arabidopsis reduce cell wall recalcitrance 
Pectate lyase catalyzes the cleavage of the internal α-1,4-linkages of unesterified 
polygalacturonate (pectate) by ß-elimination. It plays a critical role in pectin 
degradation (Barras et al. 1994). For our study, we have cloned pectate lyases from 
Meloidogyne graminicola (MgPL) and Pratylenchus coffeae (PcPL). Plants 
expressing genes coding for pectate lyase (with or without SP for secretion) derived 
from Meloidogyne graminicola didn’t change saccharification yield (Fig 9). 
 
Figure 9. Saccharification analysis. Release of reducing sugar was determined at 4, 24, and 48 hours. 
Values show average  ± SD (n=6 for all transformants and wild type). 
In contrast, plants expressing gene coding for pectate lyase from Pratylenchus coffeae 
showed increased saccharification yields (up to 28% and 22 %, at 24 h, and 48 h of 
incubation, respectively; figure 10), indicative for decreased cell wall recalcitrance. In 
addition, a reduction in lignin content was found, without any growth defects. (Figure 
11A). Detailed cell wall characterization of SP:PcPL lines also showed an increase in 
cellulose (Figure 11.B) and TFA extracted hemicellulose content (Figure 12C) 
compared to wild type plants. Surprisingly, plants overexpressing the enzyme without 
SP had the tendency to have a similar increase in saccharification efficiency. 
However, at this point the data are not significantly different and the experiment 
should be repeated before conclusions are drawn.  
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The different outcome obtained with similar enzymes (PL) derived from different 
organisms is intriguing. Meloidogyne graminicola is a sedentary plant-parasitic 
nematode, and after penetration of the root system, they no longer migrate but rather 
select few cells to feed on. Pratylenchus coffeae on the other hand is a migratory 
nematode, meaning all life stages are motile and move around in the root tissue (Davis 
et al. 2011). Although highly speculative, this difference in feeding behaviour might 
be the reason that the pectate lyase derived from Pratylenchus coffeae is more 
efficient in cell wall degradation. This effect might be also because of differences in 
gene expression level in plant. 
 
Figure 10. Saccharification analysis. Release of reducing sugar was determined at 4, 24, and 48 hours. 
Values show average  ± SD (n=6 for all transformants and wild type). * Indicates a significant 
difference from the wild type (t-test, p < 0.05). 
In our study we revealed that modification of the plant cell wall pectin structure by 
expressing pectate lyase derived from the plant parasitic nematode Pratylenchus 
coffeae reduced cell wall recalcitrance and increased saccharification efficiency 
without yield penalty. Modification of pectin structure of cell wall also altered lignin, 
cellulose and extracted hemicellulose content.  
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Figure 11. Cell wall characterization of polygalacturonase expressing Arabidopsis plants. (A) Lignin 
quantification, (B) Cellulose measurement, (C) TFA extracted hemicellulose amount. Values show 
average  ± SD (n=6). * Indicates a significant difference in rosette diameters from the wild type (t-test, 
p < 0.05 for *). 
Here, we show that expressing gene coding for SP:PcPL in Arabidopsis reduced the 
recalcitrance of the cell wall towards saccharification n. Although, endogenous PL 
overexpression in aspen altered solubility of pectin and hemicelluloses such as xylan 
and mannose, the saccharification yield from transgenic lines was unaffected when no 
pre-treatment was used (Biswal et al. 2014). Interesting, our SP:PcPL expressing 
Arabidopsis lines increased the saccharification yield and reduced the lignin content 
in the absence of a pre-treatment. This difference could be a direct consequence of the 
enzyme activity. In addition, also the model system in which PL was expressed is 
different. Although Arabidopsis is described as powerful model system for plant cell 
wall research and as model for woody biomass (Liepman et al. 2010), both biomass 
types are significantly different.  
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General conclusion  
In an attempt to improve biomass properties we tried to modify the plant cell wall by 
expressing genes coding for cell wall degrading enzymes during plant growth. The 
selected genes were derived from plant parasitic nematodes, (thermophilic) bacteria 
and fungi.  
The in planta expression of these genes might reduce the recalcitrance of 
lignocellulosic biomass by altering the physical structure, chemical composition and 
microarchitecture of the plant cell wall. Hence, the biomass optimized in this way 
could be ideal for processing towards liquid bio-fuels, without the need for costly pre-
treatments.  
Here we described the cloning of 29 genes coding for cell wall modifying proteins. 
These were expressed in Arabidopsis under control of both constitutive (CaMV35S, 
CsVMV35S) as well as tissue-specific promoters. Two different constitutive 
promoters didn’t show any differences in our experiments, although we couldn’t focus 
promoter effects in our transgenic lines. Since, aim of the using two different 
promoters is just avoid silencing effect for crossing different transgenic plants in 
further step. Furthermore, we have generated plants expressing genes coding for 
CWD enzymes with/without signal peptide (SP).  Plant expressing genes coding for 
CWD enzymes without SP didn’t show any saccharification yield improvement (data 
not shown here). Based on these observations, we could suggest that SP is essential to 
target the enzyme to the apoplast where it can reach its substrate and hence modify the 
cell wall. By using the genes and promoters in different combinations, 66 constructs 
were generated and transformed into Arabidopsis plants. Due to time limitations we 
were not able to select homozygous single insert lines for all generated constructs. 
Nevertheless, for a substantial part of the constructs, transgenic overexpression lines 
were obtained. In contrast to what we expected, only few of the constructs resulted in 
dramatic growth phenotypes (eg expression of xylogalacturonase and pectin methyl 
esterase in Arabidopsis resulted in dwarfed plants). Although these lines are 
interesting to study the specific role of the different polysaccharides during plant 
growth and development, this was outside the scope of this project. Interestingly, for 
some of the lines (eg overexpressing of, HsGAL, MgPG or PcPL) improved 
saccharification efficiency was obtained without yield penalty. These results revealed 
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that modification of cell wall side chain (eg pectin structure modification) improve 
saccharification efficiency without any growth defects. Pectins have long been 
neglected as important factors in cell wall recalcitrance. Since, compared to 
hemicelluloses, pectins are low abundant polysaccharides in the secondary cell walls 
of plants. Currently, the role of pectins in woody tissue is reviewed (Xiao and 
Anderson, 2013) and our data once more underpins the important but long neglected 
role of pectins in secondary cell walls. Thereof, generating bio-energy crops, which 
are expressing genes coding for CWD enzymes, has a great potential to diminished 
negative points of bio-fuel production from lignocellulosic biomass. 
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Materials and methods 
Cloning 
A DNA fragment coding for cell wall degrading enzymes (see the addendum for 
primer combinations) was subcloned in multisite compatible Gateway-cassettes which 
gave the flexibility to combine resistance genes, promoters, ORFs and UTRs in any 
combination. We used constitutive promoters (CaMV35S, CsVMV35S) as well as a 
vascular tissue-specific promoter (At2g30490) and a trichome specific promoter 
(At1g64790). The resulting T-DNA vectors were introduced into the Agrobacterium 
strain C58ClRIF (pEHA101) (Hood et al. 1986) that were subsequently used to 
transform Arabidopsis thaliana by means of the floral dip method (Clough and Bent, 
1998). Homozygous single insert mutants were selected on 0.5xMS medium 
containing kanamycin (or phosphinothricin). pFAST lines were selected based on 
GFP signal on seed coat. Seeds emitting green fluorescence (GFP+) were picked up 
with a wet wooden toothpick from the T1, T2 and T3 seed populations, while being 
viewed with a fluorescence stereomicroscope (MVX10; Olympus, 
http://www.olympus-global.com). 
Bioinformatics 
Subcellular targeting of cell wall degrading enzymes was predicted using TargetP 
(Emanuelsson et al. 2000, 2007), the presence of signal peptides or signal anchors 
were predicted using SignalP 3.0 (Bendtsen et al. 2004). 
Plant material 
Twelve biological replicates of each homozygous mutant and 13 biological replicates 
for the wild type were grown simultaneously in a random block design, spread over 
different trays, in the same environment. Plants were grown first under short-day 
conditions (8 h light, 21°C, and 55% humidity) during 9 weeks and then transferred to 
long-day conditions (16 h light, 21°C, and 55% humidity) to allow the development 
of a single tall inflorescent stem. For all biological repeats, the main stem was 
harvested just above the rosette when the plant was completely senesced and dry. 
Once harvested, remaining rosette leaves, axillary inflorescences, and siliques were 
removed.  
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Preparation of plant extracts 
Plant material (leaves) was frozen in liquid nitrogen and ground into a fine powder 
with a mortar and pestle, and resuspended in 4 volume of 100 mM MES (pH 6.5). The 
extract was kept on ice for 20 min and vortexed three times during this period. The 
extract was centrifuged at 18 000 g for 20 min at 4 °C, and the supernatant was stored 
at 20 °C. Heat treatment of plant extracts was performed at 85 °C for 30 min and after 
centrifugation at 18 000 g for 20 min at 4 °C, the supernatant was saved and stored at 
20 °C. Protein concentrations were determined by the Bradford method with bovine 
serum albumin as standard (Bradford, 1976). 
 
Cell wall preparation 
All cell wall experiments were performed as in Van Acker et al. (2013). All analyses 
were performed on a 12 cm fragment of a dried stem, taken 1 cm above the base of 
the stem. The collected section was subsequent fragmented in 2 mm fragments and 
subjected to sequential extractions, each time for 30 min in water (98 °C), ethanol (76 
°C), chloroform (59 °C) and acetone (54 °C). The remaining cell wall residue (CWR) 
was dried under vacuum and weighed again.  
 
Cellulose content analyses 
Aliquots of 4 mg dry stem pieces were sequentially extracted to obtain a purified 
CWR, as described above. To estimate the amount of cellulose, we used a 
colorimetric method (based on Dubois et al. (1956) and Masuko et al. (2005)). The 
CWR was incubated with 2 M TFA and 20 µl inositol (5 mg ml-1) for 2 h at 99°C 
while shaking (750 rpm). The TFA extract was removed and the remaining pellet was 
washed three times with water, twice with acetone and subsequently dried under 
vacuum. After drying, the pellet was weighted to determine the fraction of TFA-
extractable carbohydrates. The dry pellet was subsequently incubated with one ml 
Updegraff reagent (acetic acid:nitric acid:water; 8:1:2 v/v) for 30 min at 99 °C. After 
removing the supernatant the pellet was washed once with water and three times with 
acetone, whereupon the pellet was air dried overnight. The next day, 175 µl 72% 
sulphuric acid was added to the pellet whereupon the mixture was incubated for 45 
min at room temperature. Finally 825 µl water was added and then, 10 µl was 
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transferred to a 96-well microplate, to which 90 µl water and 200 µl freshly prepared 
anthrone reagent was added (2 mg anthrone in 1 ml sulphuric acid). The microplate 
was heated for 30 min in an incubator at 80 °C Absorbance was read at 625 nm using 
a SpectraMax 250 microplate reader (Sopachem). The amount of cellulose was 
calculated back from a standard curve of glucose.  
 
Monosaccharide composition analyses 
The aliquots of 3 mg CWR was incubated with 2 M TFA and 20 µl inositol (5 mg ml-
1) for 2 h at 99°C while shaking (750 rpm). To determine the different 
monosaccharides present in the TFA extract, 800 µl TFA extract was dried under 
vacuum and further converted to the corresponding alditol acetates as described by 
Foster et al. (2010). The GC-MS analyses were carried out with a mass-selective 
detector (HP 5973 model; Agilent), interfaced to a GC (HP 6890 model; Agilent) 
equipped with an automated sample injector and an VF-5 ms capillary column (30 m 
x 0.25 mm). The GC conditions were as described by Fox et al. (1993): the oven was 
kept at 100°C for 1 min, increasing the temperature to 245°C at a rate of 20°C min-1, 
held at 245°C for 30 min, and decreasing the temperature to a final temperature of 
100°C at a rate of 30°C min-1. Peak areas of the different sugars were normalized 
with the peak area of the internal standard inositol (20 µl, 5 mg ml-1). Response 
factors were determined based on standard curves for each of the different sugars: 
rhamnose (2.01), fucose (2.05), arabinose (1.35), xylose (1.35), mannose (1.45), 
glucose (1.59), and galactose (1.55). 
 
Lignin analyses 
Lignin was quantified according to a modified version of the acetyl bromide method  
(Dence, 1992), optimized for small amounts of plant tissue. The dried CWR was 
dissolved in 0.1 ml freshly made 25% acetyl bromide in glacial acetic acid. Samples 
were incubated for 2 h at 50 °C without shaking and one additional hour at the same 
temperature but with vortexing every 15 min.  After incubation, samples were 
subsequently cooled on ice and centrifuged for 15 min at 10.000 rpm. To the 
supernatant, 0.2 ml of 2 M sodium hydroxide and 0.5 ml glacial acetic acid were 
added. The pellet was washed with 0.5 ml glacial acetic acid. The supernatant and the 
washing phase were combined and the final volume was adjusted to 2 ml with glacial 
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acetic acid and then mixture was inverted several times. The absorbance of the 
solution was measured at 280 nm using a NanoDrop® ND-1000 spectrophotometer 
(NanoDrop, Technologies Inc). The lignin-concentrations were calculated using the 
law of Bouguer-Lambert-Beer [A = ε x l x c with ε = 23.35 ml mg-1 cm-1 (Chang et 
al., 2008) and l = 0.1 cm]. 
 
Saccharification assay 
An aliquot of 8 mg CWR was dissolved in 1 ml acetic acid-buffer solution (pH 4.8) 
and incubated at 50 °C. The enzyme mix added to the dissolved material contained 
cellulase from Trichoderma reseei ATCC 26921 and beta-glucosidase (Novozyme 
Corp. 188) in a 5:3 ratio. Both enzymes were first desalted over an Econo-Pac 10DG-
column, stacked with Bio-gel® P-6DG gel. The desalted beta-glucosidase was diluted 
350 times in acetic acid-buffer solution (pH 4.8) prior to mixing with desalted 
cellulase. The final enzyme mix was diluted ten times and the activity was measured 
with a filter paper assay (Xiao et al., 2004). To each biological sample, dissolved in 
acetic acid buffer pH 4.8, enzyme mix with an activity of 0.06 Filter Paper Units 
(FPU) was added. After short spinning, to remove droplets from the lid of the 
reaction-tubes, aliquots of 20 µl were taken after 4, 24, and 48 h (and 72 hours for 
RsENG lines) incubation at 50 °C. The samples were diluted 10, 20 and 30 times 
respectively with acetic acid-buffer solution (pH 4.8). The glucose concentration in 
these diluted samples was measured indirectly via a spectrophotometrical color-
reaction. The reaction-mixture (100 ml) contained 50 mg 2,2’-azino-bis(3-
ethylbenzothiazoline-6-sulphonic acid) (ABTS), 44.83 mg glucose oxidase (GOD) 
and 4% (w/v) peroxidase (POD, Roche) in acetic acid buffer solution (pH 4.5). To 
measure the concentration of glucose, 50 µl of the diluted samples was added to 150 
µl GOD-POD-reaction-mixture and incubated for 30 min at 37 °C. Absorbance was 
measured spectrophotometrically at a wavelength of 405 nm using a SpectraMax 250 
microplate reader (Sopachem). The exact glucose concentration was calculated from a 
standard curve obtained by measuring the absorbance of a set of different glucose 
concentrations. 
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Cellulase activity assay 
The enzyme activity assay is based on the property of Congo red to intercalate 
between the cellulose fibers. The protein extract with known concentration was 
spotted on a carboxymethyl cellulose (CMC) plate (0.1% CMC; 8% agar; in water) 
and incubated at 37˚C for 1 hour. The plate was then stained with 0.1% Congo red (15 
minutes on shaker; 50 rpm; RT) and washed with 1M NaCl (15 minutes on shaker; 50 
rpm; RT) to remove the unbound dye. The diameter of each enzyme plaque was 
measured and the results were statistically analyzed using a t-test. 
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Abstract 
 
The pectin matrix of plant cell walls is rich in complex polysaccharides that 
participate in the formation of the cell wall structure. New evidence suggests that the 
specific architecture could be an important limiting factor in downstream processing 
of cell wall polysaccharides. In an attempt to modify the cell wall structure we 
expressed a gene coding for a putative arabinogalactan endo-1,4-β-galactanase (EC 
3.2.1.89) in both Arabidopsis and poplar. Enzymes of this class hydrolyse 1,4-β-
coupled galactoses, which occur in type I arabinogalactan side chains of the 
rhamnogalacturonan I (RGI) backbone in the pectin matrix. Although no aberrant 
phenotype was observed in greenhouse grown plants, Arabidopsis seedlings of the 
overexpression lines reacted stronger on boron depletion compared to non-
transformed WT plants, which is indicative for pectin modifications. In addition, 
change in the cell wall composition was visualized in Arabidopsis stem section by 
immunolocalization.  When incubated with cellulases, glucose was released more 
easily from the cell wall of these plants compared to non-transformed wild type plants. 
However, this effect diminished when incubation times were prolonged indicating that 
the accessibility to the cellulose rather than the cellulose content itself was modified. 
Remarkable and in contrast to Arabidopsis, poplar transformed with this construct 
resulted in lines with high saccharification yields outperforming control lines even 
over longer incubation periods. 
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Introduction 
 
The growing plant cell is surrounded by a primary cell wall predominantly composed 
of polysaccharides supplemented with small amount of structural proteins. Although 
the relative concentration of different compounds differs between plant species, cell 
types and developmental stages, cellulose is the major structural polysaccharide in 
most cell walls (Cosgrove, 2005). It is composed of β-1,4-coupled glucose units and is 
tightly packed into long microfibrils that are embedded in a matrix of non-cellulose 
polysaccharides. These matrix polysaccharides were historically classified based on 
their extractability as either pectins or hemicelluloses and although this classification 
is not comprehensive of all anomalies, both terms are still commonly used (Lerouxel 
et al. 2006). Their structural composition has been intensively studied during last 
decades and this resulted in the further classification. In contrast to the unbranched 
cellulose polymers, matrix polysaccharides are often decorated with side branches and 
their sugar composition is more diverse (York and O'Neill, 2008). Hemicelluloses of 
the primary cell wall are generally composed of a β-1,4-linked backbone of glucose or 
xylose with an equatorial configuration at C1 and C4 (Scheller and Ulvskov, 2010). 
This backbone can be further decorated to form complex polysaccharides such as 
xyloglucans in dicotyledons and arabinoxylans in grasses. Pectins are characterized by 
the presence of galacturonic acid in their backbone. The α-1,4-galacturonic acid linear 
polymer is called homogalacturonan (HG) and can be modified by O-acetylation or 
methyl esterification. The pectin backbone can be decorated with xylose or apiose, 
forming xylogalacturonan (XG) or apiogalacturonan (AG) respectively. 
Rhamnogalacturanan I (RGI) is characterized by a backbone of alternating α-1,4-
galaturonic acid and α-1,2-rhamnose residues. In this polymer rhamnose units can be 
decorated with arabinose or galactose containing side chains at their C-4 position. 
Rhamnogalacturonan II (RGII) has a HG-backbone decorated with more complex site 
chains, composed of a plethora of sugars (eg fucose, arabinose, galactose, xylose, 
rhamnose and apiose), linked by different glycosidic bonds. Although still a matter of 
debate, these structurally different polysaccharides are most likely covalently linked 
regions of the same polymer in the cell wall. Here RGI and II are considered the hairy 
regions of pectin based on their complex decoration whereas unbranched HG is 
denoted as the smooth region (Ridley et al. 2001). The integrity of the pectin network 
is further maintained by calcium and boron. The former allows dimerization of de-
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methylated HG, forming a complex known as the “egg-box”, whereas the latter 
maintains the integrity of the network by dimerizing RGII regions at the level of the 
apioses (O'Neill et al. 2004). Once the cell reaches its final size a thicker secondary 
wall is often deposited. This new wall differs from the primary cell wall mainly by a 
reduction in pectin concentration and the presence of lignin, an aromatic water 
impermeable polymer that provides additional strength to the cell wall.   
The high sugar content of plant cell walls makes biomass feedstock an attractive 
sustainable and renewable resource for the production of energy and carbon based 
chemicals. In this process enzymatic conversion of the lignocellulosic biomass is used 
to release the fermentable sugars. Although lignin has long been considered as the 
most important limiting factor in this process, recent studies revealed a significant role 
for other biomass features such as the cell wall architecture (Van Acker et al. 2013). 
Despite its low concentration in the secondary cell wall, pectin polysaccharides could 
be important in determining the cell wall architecture (Mohnen, 2008). Here we 
modified the cell wall composition by the in planta expression of a gene coding for a 
putative arabinogalactan endo-1,4-β-galactanase (Vanholme et al. 2009). This enzyme 
targets β-1,4-galactan which is found as side chain of RGI and is relatively abundant 
in secondary cell walls. Our data in Arabidopsis suggest that the galactanase increases 
cellulose accessibility resulting in slightly improved saccharification efficiencies 
during the onset of the saccharification process. Interestingly, the same construct 
improves the overall saccharification efficiency by 50% in poplar. The improvement 
on cellulose accessibility or conversion can reduce the incubation time during 
enzymatic saccharification, and hence reduce biomass pretreatment costs. 
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Results 
 
Transgenic expression of HsGAL in Arabidopsis  
 
HsGAL of the plant-parasitic nematode Heterodera schachtii was constitutively 
expressed in Arabidopsis thaliana Col-0 under control of the cauliflower mosaic virus 
(CaMV) 35S promoter. Six independent transformed lines were isolated and two 
single insert lines (GAL1 and GAL2) were further selected to the T3 stage based on 
their resistance to kanamycin.  
 
 
Figure 1. (A) Schematic representation of the transfer DNA of the 35S::SP::pHsGAL construct used in 
Arabidopsis. (B) Semi-quantitative RT-PCR of GAL expression in transgenic plants. The ACT as an 
internal control. 
 
Semi-quantitative RT-PCR revealed expression of HsGAL in both lines (Fig 1B), with 
higher expression levels in GAL1 compared to GAL2. The gene was expressed with 
its endogenous signal peptide for secretion, assuming that based on the functional 
conservation of the secretory pathway between organisms, the nematode signal 
peptide would be recognized by the plant secretory machinery (Fig 1A). To confirm 
that this was indeed the case and the enzyme was targeted towards the apoplast, a C-
terminal GFP fusion protein was constructed.  
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Arabidopsis was transformed with this construct and roots of 5-day old T2 transgenic 
seedlings were examined by confocal microscopy. In the root tip zone, enriched in 
young active dividing cells, the GFP-signal was localized in cytoplasmic aggregates 
(Fig 2A). Although these could be secretory vesicles containing the GFP fusion 
protein on its way toward the apoplast, the granules were not mobile in 
photobleaching experiments. The latter is an important argument against this 
hypothesis, leaving the nature of these aggregates unknown. Whereas similar 
inclusions were detected in older cells (above the root elongation zone), here the GFP 
signal also accumulated in the apoplast (Fig 2B). Surprisingly, despite the use of a 
constitutive promoter the root tissue was labeled in a patchy pattern with most of the 
GFP positive cells in the stele (Fig 2A-B). This could be the result of GFP instability 
at low apoplastic pH (Campbell and Choy, 2001), combined with spatial and temporal 
differences in pH in plant tissue (Yu et al. 2000; Staal et al. 2011; Monshausen et al. 
2011; Moseyko and Feldman, 2001). This subcellular localization confirms that the 
signal peptide for secretion of the protein is active in plants and targets at least a 
fraction of the produced proteins towards the cell wall. 
 
 
Figure 2. Localization of GAL-GFP in root cells from 7 days old Arabidopsis plants. The cell wall is 
counter stained with 10ug/ml propidium iodide (PI) for better visualization of individual cells.  
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HsGAL is coding for a functional enzyme in plants 
 
Despite the expression of the transgene, we were unable to reveal any enzymatic 
activity in the crude protein extracts from GAL1 or GAL2 using AZCL-Galactan 
(Megazyme), a conventional substrate for endo-1,4-β-galactanases. As an alternative 
approach we tried to reveal the activity of the introduced enzymes in an indirect way 
by visualizing modifications on the level of the plant cell wall. Since modification in 
the galactan side branches of RGI were expected, LM5 and LM6 antibodies were used 
targeting 1,4-β-D-galactan and 1,5-α-L-arabinan respectively. The LM6 antibody 
revealed a clear difference between HsGAL OE lines and WT plants (Fig 3). Whereas 
the labeling was rather weak and uniformly spread over the cell wall of WT control 
plants, in HsGAL OE lines the labeling was more intense and restricted to triangular 
cell junctions, a region known to be enriched in pectin (Willats et al. 2001). The 
observed difference to control lines indicated HsGAL is active in the transgenic lines 
and cleaves 1,4-β-galactan linkages, giving better access to the LM6 epitope at cellular 
junctions. This was further supported by the observation that the labeling in the cell 
corners was strongest in GAL1, the line with highest expression level of the transgene. 
Despite the fact that HsGAL targets 1,4-β-galactan linkages, no differences were 
observed using the LM5 antibody which could indicate its epitope is masked for the 
antibodies in this tissue. Also antibodies targeting the RGI backbone (CCRC-M35 
and-M7) revealed no difference between WT and HsGAL OE lines, which is in line 
with the idea that the backbone of RGI is not modified. Based on these results we 
concluded the enzyme was active in the transgenic lines and modified side chains of 
RGI polymers. 
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Figure 3. Immunofluorescence microscopy on stem sections of 5 week old plants using antibodies 
against specific pectin structures. Besides WT, two independent galactanase overexpressing lines 
(GAL1 and GAL2) were used.  Note the cell wall labeling at triangular junctions in GAL1 (and to a 
lesser extend GAL2) with LM6 antibodies. 
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The conditional phenotype of HsGAL OE lines 
 
 To compare these lines with non-transgenic lines, all plant should ideally develop 
similarly as the wild-type to exclude any developmental influence. Seventeen 
biological replicate of each homozygous GAL1 and GAL2 lines were grown together 
with seventeen biological replicate of wild type plants under long day growth 
conditions (16 h light, 21oC, and 55% humidity) in a random configuration. The 
rosette diameter during vegetative growth was followed, but no difference was 
observed between the overexpressing lines and the WT plants (data not shown here). 
Also biomass and height of the completely senesced inflorescence stems showed no 
differences compared to WT plants (Fig 4).  
 
Figure 4. Phenotyping of transgenic plants. Total height (A) and weight (B) of completely senesced 
stems of HsGAL OE lines was not different from WT control plants. (C) No visible defects were 
observed during plant growth and development.  
Interestingly, a conditional phenotype was found by growing the plants for 9 weeks 
under short day conditions (SD; 16 hours dark) before shifting them to long day 
conditions (LD; 16 hours light), a method we routinely use to obtain strong stems for 
cell wall analysis.  
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Under this condition a delayed bolting phenotype was observed in the HsGAL OE 
lines. Although a comprehensive link between the enzymatic activity and this bolting 
phenotype was not found, it confirmed that the expressed gene was translated into a 
functional protein. This observation is in line with the expression of fungal 
arabinanase and galactanase in Arabidopsis that delayed bolting (Obro et al. 2009). 
 
 
Figure 5. HsGAL expression in plants delays flowering. The greenhouse grown Arabidopsis plants in 
the picture are 12 weeks old (9 weeks SD followed by 3 weeks LD)  
 
To find a more direct link to the introduced enzyme we used ruthenium red to stain the 
pectinaceaous mucilage layer secreted by seed coat cells. This layer is an easy to 
access model for plant cell wall research and consists of a diffuse outer layer and a 
denser inner layer. Despite the presence of branched RGI in the inner layer (Haughn 
and Western, 2012), no difference was observed between HsGAL OE lines and WT 
controls (Fig 6).  
 
Figure 6. Seed coat mucilage phenotype of wild-type and GAL1 plants. Two layers of seed coat are 
easily stained with ruthenium red. 
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Next we used root length of in vitro grown plants as parameter to quantify cell wall 
properties. Cells with reduced cell wall strength (as a direct consequence of its partial 
breakdown) will likely deform under the internal turgor pressure, which will be 
translated in a difference in root length. When grown under standard growth 
conditions no difference in root length was observed between WT and HsGAL OE 
lines. Subsequent measurements were performed on plants grown under different 
stress conditions. Neither osmotic stress (200 mM mannitol) nor salt stress (100 mM 
NaCl) or conditions which inhibit cellulose deposition (5 nM isoxaben) resulted in 
differences in root length between HsGAL OE lines and WT plants (data not shown 
here). Interestingly, a phenotype was observed when seedlings were grown on boron-
depleted medium. Under these conditions roots of HsGAL OE lines were slightly 
longer compared to roots of WT plants (Fig 7). Boron stabilizes the pectin network at 
the level of RGII and this dimerization is generally thought to increase cell wall 
stiffness (Xiao and Anderson, 2013). Apparently weakening of the pectin matrix by 
boron deficiency is sufficient to cause an effect on root length in HsGAL OE lines.  
 
 
Figure 7. Effect of boron depletion on root length of HsGAL OE lines compared to WT seedlings (A) 
Lengths of the main roots. Data represent SD ±. ** indicates significant difference (t test, p < 0.005, n = 
10). (B) Five day old seedlings grown on 0.5xMS medium in the absence of boron.  
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HsGAL transgenic expression improves enzymatic saccharification  
Immunolocalization revealed subtle modifications of the pectin polymer in the HsGAL 
OE lines (Fig 3). In an attempt to quantify these changes, we analyzed the TFA 
extracted cell wall monosaccharide composition. However, no differences were 
detected in concentration of the different sugars (Fig 8A). This could indicate that the 
pectin modification was too small to reveal an effect on monosaccharide composition 
as determined by TFA extraction, which degrades both hemicellulose and pectin. To 
deal with this limitation, we are planning to determine the monosaccharide 
composition of the pectin fraction purified from the cell wall of leaf and stem material.  
Also a shift in lignin content could be at the base of the observed conditional growth 
defect. Cell wall perturbation often has repercussions on lignin deposition and a 
covalent interaction between lignin and pectins was recently described (Mohnen et al. 
2012). In addition, examples of lignin mutants with a delayed flowering phenotype are 
described in the literature (Chabannes et al. 2001). However, we found no differences 
in acetylbromide (AcBr) extractable lignin of WT and HsGAL OE lines (Fig 8B). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8. Cell wall characterization of HsGal expressing transgenic plants. (A) Monosaccharide 
composition, (B) AcBr extracted lignin. 
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As the pectin polymer is considered the most structurally and functionally complex 
polysaccharide of the plant cell wall (Mohnen, 2008) it is tempting to speculate that 
even slight modifications could have a repercussion on the overall cell wall 
architecture. To test this cell wall residue (CWR) was purified from dry stem sections 
and subjected to so called saccharification experiments. Here, CWR is incubated with 
cellulases and aliquots are sampled over time to follow the release of glucose (Fig 9). 
As expected, an increase in glucose release was observed over time in WT plants. A 
similar pattern was observed when biomass of HsGAL OE lines was used, however, 
slightly higher levels of glucose were released at the earlier timepoints (2 and 4 h). At 
later timepoints this difference diminished, and after 24 h no difference in glucose 
release was seen between HsGAL OE lines and WT plants. This specific pattern 
indicates that not the level of cellulose was increased in the HsGAL OE lines but 
rather the cellulose accessibility, supporting the idea for modified cell wall 
architecture. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9. Saccharification analysis. Release of reducing sugar was determined by GOD-POD assay. 
Values show average ±SD (n=8), ** indicates a significant difference from wild type (t-test, p<0.005). 
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If the altered cell wall architecture makes the cellulose of HsGAL OE plants better 
accessible for cellulases, these plants would be more susceptible towards cellulose 
digestion during growth and development. To test this we decided to stack GAL1 lines 
with an endoglucanase OE construct. To this end an endoglucanase (RsENG) of the 
plant parasitic nematode Radopholus similis was expressed in Arabidopsis under 
control of the 35S promoter and 5 homozygous single insert lines were selected 
(ENG1-5). These lines had no aberrant phenotype under the growth conditions tested. 
However, when ENG1 was crossed with GAL1 and double homozygous progeny was 
grown for 9 weeks under SD condition, the rosettes of double homozygous plants 
were considerably smaller compared to their parental lines or WT plants (Fig 10-B). 
Not only does this further support that HsGAL (as well as RsENG) is active in the 
plant under the growth conditions tested, the clear synergistic effect supports the idea 
that the expression of HsGAL opens the cell wall structure providing better access for 
the endoglucanase to degrade the cell wall. Upon transfer to LD growth condition the 
GAL1xENG1 line slightly recovered and an inflorescence stem was formed although 
a delay in flower developing was observed (similar to the parental GAL1) (Fig 11). 
Upon senescence, the inflorescence stem was significantly smaller than the stem of the 
parental lines and WT plants (13% reduction in height and 33 % reduction in biomass 
of the first 12 cm compared to WT) (Fig 12).  
 
 
 
 
 
 
 
 
 
 
Figure 10. A. Representative morphological phenotypes of plants showing reduction in rosette 
diameters. This image was taken and rosette diameters were measured on the 9th week at short day 
condition growth.  B. Double homozygous transgenic (DM); GAL x ENG plants. The graph shows 
average diameter of the rosettes ± SD (n=10). **** Indicates a significant difference in rosette 
diameters from the wild type (t-test, p < 0.0001). 
=
=
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Figure 11. HsGAL x RsENG expression in plants showed delays in flowering. The greenhouse grown 
Arabidopsis plants in the picture are 12 weeks old (9 weeks SD followed by 3 weeks LD). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 12. Phenotypes of double homozygous plants showing reduction in main stem height (A), main 
stem weight (B) and first 12 cm of main stem weight (C). Double homozygous OE (DM); GAL x ENG 
plants. The graph shows the average diameter of the rosettes ± SD (n=10). *** Indicates a significant 
difference in rosette diameters from the wild type (t-test, p < 0.001). 
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The improved saccharification efficiency coupled to the absence of a detectable yield 
penalty opens perspectives to use HsGAL to improve bioenergy crops. For this reason 
the same construct was used for poplar transformation. All selected lines, expressing 
HsGAL at different levels, were selected and saccharification was performed on young 
poplar sprouts (25-30 cm). Poplar plants expressing galactanase released higher levels 
of glucose compared to WT, confirming initial experiments performed on 
Arabidopsis. However, unlike our Arabidopsis experiments, this effect was persistent 
at later timepoints, resulting in an increase in glucose release of 36% and 34% 
compared to WT plants at 24h and 48h of incubation in enzyme cocktail, respectively 
(Fig 13).  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 13. Saccharification analysis of galactosidase expressing poplar plants. Release of reducing 
sugar was determined by GOD-POD assay. Values show average ±SD (n=2), *** and ** indicate 
significant differences from wild type (t-test, p<0.005 for *** and p<0.05 for **) 
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Discussion 
The conversion of plant cell wall cellulose into fermentable sugars is an expensive 
step in the biorefinery and considered the main limiting factor preventing widespread 
use of biomass for fermentation. (Sticklen, 2006). To overcome this hurdle different 
strategies are followed to optimize plant biomass, allowing a more efficient processing 
and hence lower the production costs of biofuels or biomaterials in general (Elumalai 
et al. 2012; Sticklen, 2010; Taylor et al. 2008; Vanholme et al. 2008). A popular 
strategy is the in planta expression of genes coding for polysaccharide hydrolases to 
alter the plant cell wall during growth and development (Pogorelko et al. 2011). We 
followed such strategy and were able to improve the saccharification efficiency of 
plant biomass by the expression of a gene from the plant parasitic nematode 
Heterodera schachtii coding for a putative arabinogalactan endo-1,4-β-galactanase. 
This enzyme specifically hydrolyzes 1,4-β-D-galactosidic linkages in type I 
arabinogalactans in the hairy regions of pectins. Although we never could prove any 
galactanase activity in plant extracts, we found several indirect evidences for the 
presence and/or activity of the introduced enzyme. First, fluorescence was detected in 
plants transformed with a C-terminal GFP:fusion construct, indicating the expressed 
gene (although of a different construct) was successfully translated into protein. 
Second, immunolocalisation studies using the pectin specific antibody LM5 revealed 
some slight modification in the pectin matrix of plants transformed with HsGAL. 
These minor differences are in line with the putative function of the expressed gene. 
Third, the observed phenotypes (delayed flowering and altered boron sensitivity) of 
the HsGAL OE lines proves that the HsGAL OE lines differ from WT plants, and at 
least the boron dependent phenotype could be linked to an altered pectin matrix. 
Fourth, the difference in saccharification efficiency are in line with what we would 
expect upon the in planta production of an enzyme that alters the cell wall 
architecture. Based on these observations we concluded the expressed genes was 
translated into a functional protein that altered the cell wall in the transgenic lines.  
Interestingly, the constitutive expression of the gene and subsequent modification of 
the plant cell wall had no repercussion on the biomass or the yield of Arabidopsis 
plants and no visible effects were observed on greenhouse grown HsGAL poplars so 
far. These observations are in line with a previous report of Øbro et al. (2009), 
describing the modification of pectic RGI by the simultaneously expression of an 
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endo-α-1,5-arabinase and an endo-β-1,4-galactanase encoding gene in Arabidopsis. 
Despite the clear effect on monosaccharide composition of the cell wall (indicative for 
enzyme activity in their lines) no clear effect on yield was found. These observations 
indicate the galactan branching of RGI in the pectin matrix is not essential to support 
the growing plant under the conditions tested and is in agreement with the general idea 
that pectins, and more particular pectin side chains are involved in cell wall plasticity 
rather than in providing mechanical support (Moore et al. 2008).  
The positive effect on saccharification is interesting. For decades lignin has been 
considered the main limiting factor for efficient plant cell wall processing in the 
biorefinery mainly based on its high concentrations and its recalcitrant nature. 
Although the importance of this aromatic polymer cannot be neglected there is 
growing evidence that non-lignin related features influence saccharification efficiency. 
For example, several studies revealed that lignin content in the normal range of 
genetically diverse lines does not correlate to saccharification efficiency (Ray et al. 
2012). Other factors coming to the front are lignocellulosic architecture or 
hemicellulose content and composition (Van Acker et al. 2013).!Pectins have long 
been neglected as important factors in cell wall recalcitrance. This is mainly because, 
compared to hemicelluloses, pectins are low abundant polysaccharides in the 
secondary cell walls of plants. Currently, the role of pectins in woody tissue is revised 
(Xiao and Anderson, 2013) and our data once more underpins the important but long 
neglected role of pectins in secondary cell walls. Apparently pectins are important for 
the cell wall architecture and a major mediator of cell wall porosity. In addition, they 
might cover cellulose as well as hemicelluloses, blocking their exposure to derivative 
enzymes. Apparently trimming part of the pectin decoration enhances improves 
cellulose accessibility for hydrolysis in both Arabidopsis and poplar. The aberrant 
poor correlation between the saccharification experiment performed on Arabidopsis 
and poplar is striking and can raise the question whether Arabidopsis is a perfect 
model for cell wall research, as is often claimed. However, before making any strong 
conclusions, we should put these results into perspective. A simple explanation for this 
variation could be a difference in expression level of HsGAL in the different lines. For 
example, only two Arabidopsis lines with relative low HsGAL expression were used, 
whereas the outperforming poplar line (C26.2) expresses the gene at high levels (data 
not shown here).     
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In conclusion, pectin trimming by means of galactanase activity resulted in plants with 
improved saccharification efficiency. Although similar saccharification properties 
were previously obtained for lignin mutants, these mutants generally suffer from 
significant yield penalties. This is mainly due to the loss of mechanical strength 
caused by the reduced lignin levels and a consequent impaired water transport. 
Apparently this drawback is not observed in the HsGAL OE lines as these plants kept 
their mechanical strength.  
The combination of improved saccharification yield with the absence of a detectable 
yield penalty is an important economic factor. 
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Materials and Methods 
 
Plant material  
Arabidopsis thaliana (L.) ecotype Col-0 was transformed by the floral dip method 
(Clough and Bent, 1998). Seeds were collected from Agrobacterium-treated plants, 
surface sterilized with 1.5% bleach and sown (ca. 500 seeds per 90 mm plate) on 
plates containing MS media (1 · Murashige and Skoog salts, 8 g ⁄ L agar, 1· B5 
vitamins, 10.8 g ⁄ L sucrose) containing 50 mg ⁄ mL kanamycin (for RsENG , 
containing 25 mg / ml BASTA). Plates were placed in growth room at 21 oC with 16 
hours light/ 8 hours dark for two weeks. Kanamycin (or BASTA)-resistant seedlings 
were transplanted and grown in the greenhouse at 25 oC with 16 hours light/ 8 hours 
dark for two weeks.  
Plants for a particular experiment were grown simultaneously in a random design, 
spread over different trays, in the same environment to reduce tray effect on 
development. Plants were grown first under long day conditions (16 hours light, 21°C, 
humidity 55%). Alternatively, plants were first grown under short day conditions (8 
hours light, 21°C, humidity 55%) during 9 weeks and then transferred to controlled 
long day conditions till completely dry. 
 
Transformation of Plants with 35S::GAL 
HsGAL1 of the plant-parasitic nematode Heterodera schachtii (ACY02855) and 
RsENG1 of the plant-parasitic nematode Radopholus similis (EF693943.1) were 
cloned into the Gateway expression vector pK7WG2. The expression clones were 
transferred to Agrobacterium C85. After selection on YEB plates supplemented with 
Rif/Gm/Spec (conc) a single positive colony was used for Arabidopsis transformation 
using floral dip (Clough and Bent, 1998). 
 
Poplar transformation  
The nine lines of GAL expressing hybrid poplar (P. tremula × alba) were generated as 
previously described by Franke et al. (2000), and these, together with wild-type 
control plants, were maintained as shoot cultures on MS medium with a 16 h 
photoperiod. Shoots were multiplied from each line by excising nodal segments and 
allowing axillary buds to elongate.  
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Prior to planting into the greenhouse, 5−8 cm long tips from actively growing shoots 
were excised and placed on MS medium supplemented with 0.01 µM α-
naphthaleneacetic acid (NAA) for 2 weeks to initiate root formation. Shoots were then 
transplanted directly into potting soil, acclimated for 2 weeks in a high-humidity 
environment, and grown and transplanted into successively larger pots over the next 1 
year. 
In silico analysis  
Targeting of HsGAL and RsENG were predicted using TargetP (Emanuelsson et al. 
2000, 2007), signal peptide or signal anchor predictions were predicted using SignalP 
3.0 (Bendtsen et al. 2004). 
CWR, Acetylbromide and Saccharification 
Cell wall experiments were performed as in Van Acker et al. (2013) and described in 
second chapter. 
RNA extraction, cDNA synthesis and RT-PCR 
Adult Arabidopsis leaves (> 100 mg) were ground in a mortar in liquid nitrogen. The 
samples were collected into pre-chilled eppendorfs and frozen in liquid nitrogen. The 
plant tissue was homogenized in 1 mL TRIzol-reagent (Molecular Research Center 
Inc.  TR118) and incubated for 30 min at RT. After adding 200 µL chloroform/iso-
amylalcohol (24:1; Sigma C0549) the samples were incubated for 3 min at RT and 
centrifuged for 15 min at 11 000 rpm in a pre-cooled centrifuge at 4°C, which resulted 
in three phases. The upper aqueous phase was transferred to a fresh RNase-free tube 
and 500 µL isopropanol (Biosolve 162601) was added to precipitate the RNA. After 
10 min incubation at RT with occasional shaking the RNA was collected by spinning 
down for 10 min at 11 000 rmp in a pre-cooled centrifuge at 4°C. The supernatant was 
removed and the RNA was washed with 1 mL 70% EtOH in DEPC-treated water. The 
samples were centrifuged for 5 min at 11 000 rpm at 4°C and after taking of the 
supernatant the pellets were dried at RT. The RNA was dissolved in 40 µL DEPC 
water and heated for 10 min at 60°C. cDNA was prepared from 2 µg total RNA using 
the iScript cDNa synthesis kit (Bio-rad 170-8891). Following PCR conditions were 
used: 5 min at 25°C, 30 min at 42°C, and 5 min at 85°C. cDNA was diluted 10 times. 
A PCR of 25 cycles was done on the actin gene (ACT2; AT3G18780.2; FW: 
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GTTGCACCACCTGAAAGGAAG, RV: CAATGGGACTAAAACGCAAAACG) to 
normalize the amount of cDNA in each sample. When the bands of all samples 
showed an equal intensity, PCR of 25 cycles was done with primers of the HsGAL 
gene (FW: AATTCTCCAAAAATAATCCGAACC, RV: 
GGAGCTTGTTGTCCATTGGCTAGC) 
! 
Measurement of Root Length 
Seeds are sown on plates containing MS media (see plant material). Plates were placed 
in the growth room at 21 oC with 16 hours light/ 8 hours dark for three days. 
Germinated seeds were transferred on MS media without boron (Sigma- Aldrich, 
M0654) and were placed again in the growth room at 21 oC with 16 hours light/ 8 
hours dark. Root lengths were measured every day during 5 days.  
 
Antibody labelling of Arabidopsis stems 
5 week-old stem parts from WT, gal1 and gal2  were fixed, sectioned, and 
immunolabeled as described by Avci et al. (2012) and Pattathil et al. (2010). 
Monoclonal antibodies were obtained as hybridoma cell culture supernatants either 
from laboratory stocks at the Complex Carbohydrate Research Center [CCRC series 
were available from CarboSource Services (www.carbosource.net) or PlantProbes 
(LM series, plantprobes.net).! 
 
Ruthenium red staining 
Seeds were embedded in agar (0.5%), incubated for 15 minutes, then stained with 
Ruthenium red (0.01%) (Sigma-Aldrich, 11103-72-3) and observed with a 
stereoscopic microscope (Olympus SZH-ILLD).  
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Abstract  
 
To study the effect of short N-acetylglucosamine (GlcNAc) oligosaccharides 
on the physiology of plants, NodC of Azorhizobium caulinodans was expressed in 
Arabidopsis. The corresponding enzyme catalyzes the polymerization of GlcNAc and 
accordingly β-1,4-GlcNAc oligos accumulated in the plant. A phenotype 
characterized by difficulties in developing an inflorescence stem was visible when 
plants were grown for several weeks under short day conditions before transfer to 
long day conditions. In addition, a positive correlation between the oligo 
concentration and the penetrance of the phenotype was demonstrated. Although NodC 
overexpression lines produced less cell wall compared to wild type plants under non-
permissive conditions, no indications were found for changes in the amount of the 
major cell wall polymers. The effect on the cell wall was reflected at the 
transcriptome level. In addition to genes encoding cell wall modifying enzymes, a 
whole set of genes encoding membrane-coupled receptor-like kinases were 
differentially expressed upon GlcNAc accumulation, many of which encoded proteins 
with an extracellular DUF26 domain. Although stress-related genes were also 
differentially expressed, the observed response differed from that of a classical chitin 
response. This is in line with the fact that the produced chitin oligomers were too 
small to activate the chitin receptor mediated signal cascade. Based on our 
observations we propose a model in which the oligosaccharides modify the 
architecture of the cell wall by acting as competitors in carbohydrate-carbohydrate or 
carbohydrate-protein interactions, thereby affecting non-covalent interactions in the 
cell wall or at the interface between the cell wall and the plasma membrane. 
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Introduction  
 
The plant cell wall is a complex matrix with unique properties that protects 
and supports the cell and determines its architecture. After cell division, a primary cell 
wall composed of polysaccharides and glycoproteins is formed to separate and 
support both expanding daughter cells (Popper, 2008). Depending on the cell type and 
fate, a secondary cell wall containing hydrophobic lignin is deposited to further 
strengthen the cell wall and form a water-impermeable barrier (Boerjan et al., 2003). 
Cellulose is the major structural polysaccharide in most cell walls; it is a linear 
polymer composed of several hundreds to over ten thousand β-1,4-linked D-glucose 
residues. Individual cellulose chains are interconnected by hydrogen bonds into 
microfibrils that give both strength and flexibility to the cell wall. Compared to 
cellulose, the other polysaccharides of the cell wall (hemicelluloses and pectins) are 
more complex, composed of various sugar monomers, and often branched. According 
to current knowledge, some hemicelluloses interact with cellulose microfibrils to form 
a network that resists tension stress. Pectins on the other hand form a matrix in which 
the other polymers are imbedded to provide resistance against compression force. 
Because each polymer comes with unique physical and chemical properties, the 
specific characteristics of the cell wall are largely determined by its exact composition 
(Liepman et al., 2010).  
Plants can be engineered to incorporate non-plant polymers into their cell 
walls, creating new materials with industrially relevant physicochemical properties. 
One of the interesting polysaccharides to produce in the plant cell wall is chitin, as its 
building block, N-acetylglucosamine (GlcNAc), is a structural analog of the cellulose 
monomer glucose with a bulky acetylamino group replacing the hydroxyl group on 
the C2-position. Upon de-acetylation, the positively charged amino functionality in 
the resulting chitosan can improve the reactivity of fibers with reactants such as flame 
retardants, softeners, antistatic agents, or dyes (Barker et al., 1975). Although the in 
vitro production of these exopolymers has been described (Shirai et al., 1997; Lee et 
al., 2001; Liu et al., 2001; He et al., 2009; de Mesquita et al., 2012), no experimental 
data have been provided on the production of chitin or chitosan in plants, nor on their 
incorporation into plant cell walls. Such in vivo production could have important 
benefits as it would avoid disadvantages related to the need in various applications for 
post-isolation modification of cellulose fibers such as low yield or quality and the 
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occurrence of undesirable side reactions, which are difficult to control. Besides these 
benefits, a chitin-related stress response is to be expected when these GlcNAc-
polysaccharides accumulate in the plant tissue. Chitin is a major component of the cell 
wall of plant pathogenic fungi and the exoskeleton of plant feeding arthropods. To 
recognize these elicitors upon attack by such pathogens, plants are equipped with 
membrane spanning receptors that activate a signaling cascade upon binding with 
GlcNAc oligosaccharides, resulting in activation of defense responses (Miya et al., 
2007; Wan et al., 2008). However, in order to activate this chitin mediated defense 
response, oligos with a certain length are essential to stabilize homodimerization of 
the receptor (Liu et al., 2012). This suggests that shorter oligos could be used to 
modify cellulose properties in the plant while avoiding the activation of stress 
responses. 
To study the influence of short GlcNAc oligomers on plant growth and 
development, we expressed the NodC gene of a nitrogen-fixing bacterium in 
Arabidopsis for in planta production of GlcNAc oligosaccharides from the available 
UDP-GlcNAc pool (Fig 1A). We show that accumulating GlcNAc oligomers do not 
induce the classical chitin stress response in plants, but cause a conditional phenotype 
probably by competing with non-covalent interactions in the apoplast. This has a 
profound impact on the cell wall architecture and is reflected by the increase in 
expression of a set of receptor like kinases (RLKs) that could play an important role in 
monitoring the integrity of the plant cell wall. 
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Results 
 
GlcNAc oligomers accumulate upon NodC expression 
The coding sequence of Azorhizobium caulinodans ORS 571 N-
ACETYLGLUCOSAMINYLTRANSFERASE (NodC; AAB51164) was cloned into an 
overexpression vector under control of the CaMV35S promoter to achieve constitutive 
expression in plants. Constructs were transformed in Arabidopsis plants by means of 
floral dip and single-insertion homozygous lines were selected. The expression of the 
transgene was confirmed by Northern blot and two independent lines (pTGK42-10 
and pTGK42-28) with similar high expression level were selected for all subsequent 
experiments (data not shown). Transgenic lines were morphologically 
indistinguishable from wild-type (WT) controls when grown under long day (LD) 
growth conditions. Leaf samples at late rosette stage of both NodC overexpression 
(OE) lines and WT plants were processed to detect GlcNAc mono- and oligomers by 
UPLC-MS/MS (Fig 1B-C; we will use the abbreviation (GlcNAc)n, where n signifies 
the degree of polymerization (DP)). In WT plants GlcNAc monomers (m/z=552.2) 
were abundant, but surprisingly traces of dimers (m/z=755.3) were also detected (Fig 
1D). These are most likely derived from N-glycans of glycoproteins, as these 
structures have a core (GlcNAc)2 that links the branched saccharide chain to the 
protein. They could be either intermediates of the dolichol-bound oligosaccharide 
biosynthesis pathway (synthesized by ALG13/14 orthologs; (Gao et al., 2008)) or 
degradation products formed by a currently unknown N-glycan degradation process. 
Trimers (m/z=958.4) or longer oligomers were not detected in WT plants. Because 
WT Arabidopsis plants have no chitin synthase nor NodC related enzymes, the 
absence of GlcNAc oligomers (DP>2) was as expected. Upon NodC expression, 
trimers, tetramers (m/z = 1161.5) and pentamers (m/z = 1364.6) were also detected, 
and the levels of monomers and dimers were higher compared to non-transformed 
plants (Fig 1D). As oligo-length correlated negatively with abundance and pentamers 
were on the limit of detection we could not exclude the presence of even longer 
oligomers that could not be detected due to a lack of sensitivity. GlcNAc oligomer 
levels could be artificially increased in NodC OE lines with tunicamycin, an inhibitor 
of GlcNAc phosphotransferase, which catalyzes the first step in N-glycosylation – the 
transfer of GlcNAc-phosphate from UDP-GlcNAc to dolichol phosphate (Koizumi et 
al., 1999). As both GlcNAc phosphotransferase and NodC compete for the same 
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cytoplasmic pool of substrate, inhibition of GlcNAc phosphotransferase activity has a 
positive repercussion on the substrate pool and consequently the GlcNAc 
polymerization by NodC. Despite the overall increase in the GlcNAc oligomers under 
these conditions (Fig 2), hexamers (m/z= 1567.6) or longer oligomers were not 
detected, even in a more sensitive targeted screen, strongly indicating that NodC OE 
lines form no GlcNAc oligomers with a DP higher than five.  
 
Figure 1. Synthesis and accumulation of GlcNAc monomers and oligomers in NodC OE lines. A) 
NodC catalyzes the transfer of GlcNAc from UDP-GlcNAc to the growing GlcNAc oligomer. B) The 
retention time of the GlcNAc monomer as well as the different GlcNAc oligomers (DP= 2-6) as 
determined by authentic reference compounds. During derivatization each compound is labeled with 
two PMP molecules, causing a shift of 331 Da in positive mode compared to its nominal mass. C) MS 
spectrum of (GlcNAc)6 as a representative example. The degradation products corresponding to 
(GlcNAc)n compounds with different DP (n=1-5) are indicated. D) Quantification of (GlcNAc)n 
compounds (n=1-5) by UPLC-MS in NodC OE lines (pTGK42-10 and pTGK42-28) and WT. Values 
are mean ± standard deviation. 
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 Figure 2. Increase of GlcNAc monomer and oligomers upon treatment with tunicamycin. The bar 
shows the fold-increase of a specific GlcNAc compound (monomer, dimer and trimer) of 3 weeks old 
seedlings grown on 0.5xMS plates to which 0.8 µg/ml tunicamycin was added compared to control 
plants grown on 0.5xMS. Relative quantification was performed based on peak area ratios (treated 
versus untreated plants). White: pTGK42-10, black: pTGK42-28. Values are mean ± standard deviation 
from at least three plants per genotype. Treated plants were pooled to get sufficient material for 
analysis. 
 
 
GlcNAc oligomers accumulate in the apoplast 
Although NodC is anchored to the membrane in bacteria (Barny et al., 1996), 
expressing the corresponding gene in plants does not guarantee a similar subcellular 
localization of the protein. In silico predictions pointed towards the Golgi apparatus as 
the most likely subcellular region where the protein would accumulate in the plant 
(plant-mPLoc; Chou and Shen, 2010). To confirm this prediction, a NodC:EGFP 
construct was made. Once expressed in Arabidopsis, we found a clear colocalization 
between the fusion protein and a Golgi marker (Fig 3A). Moreover, we were able to 
follow the movement of these EGFP labeled vesicles over time (data not shown) 
revealing a fast and directional transport. The Golgi localization of NodC suggests 
that the GlcNAc oligos could theoretically be synthesized in the Golgi stacks and 
vesicles. Many of these vesicles fuse with the plasma membrane and release their 
content in the apoplast. Hence, GlcNAc oligosaccharides are expected to follow a 
similar path as cell wall polysaccharides (i.e. hemicelluloses and pectins; Worden et 
al., 2012) and end up in the cell wall region.  
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The subcellular localization of the GlcNAc oligomers was initially examined in leaf 
trichomes using fluorescently labeled wheat germ agglutinin (WGA), a lectin with 
affinity for GlcNAc oligomers. Whereas no specific fluorescence could be detected in 
WT plants, a bright fluorescence was detectable in NodC OE plants. Some signal was 
observed in the cytoplasm; however most of the signal was traced back to the 
apoplast, mainly accumulating at the level of the papillae, where the cell wall is 
thickened (Fig 3B). Since WGA is not able to distinguish between GlcNAc oligomers 
or N-glycosylated proteins, we could not exclude the possibility that glycoproteins, 
accumulating upon NodC expression, were visualized rather than GlcNAc oligomers. 
To clarify this issue and distinguish between chitin oligomers and glycoproteins, we 
repeated the immunolocalization using chitin-specific antibodies. This revealed a 
clear labeling of the cell wall region (Fig 3C). In contrast to WGA, the antibody is too 
big to pass the cellular membrane, explaining why no intracellular signal was 
detected. Based on the different experiments, we concluded that GlcNAc oligomers 
accumulate in the extracellular space upon NodC expression. 
 
*#$+$,-!&!!!!!!!!!!!!!!!!!!!!!!!!.//!"!#$$0%&!%'!N-acetylglucosamine (GlcNAc) oligosaccharides !
!
!
&!
Figure 3. GlcNAc oligomer accumulation in the apoplast. A)NodC-EGFP (green) colocalizes with the 
Golgi marker BIODIPY-TR (red) in Arabidopsis root hairs. The nucleus was counterstained with 
Hoechst 3342. B)Subcellular localization of GlcNAc monomers and oligomers in leaf trichomes of a 
WT (left) or NodC OE line pTGK42-10 (middle and right) using fluorescent labeled WGA. 
Longitudinal and transversal sections revealed that the signal is mainly in the extracellular region 
(right). C) An anti-(GlcNAc)n antibody interact with epitopes in the cell wall region and co-localize 
with the cellulose stain calcofluor white (CFW). 
The conditional phenotype of NodC OE lines 
As noted above, greenhouse-grown NodC OE lines were indistinguishable from WT 
plants when grown under LD conditions. Despite the lack of a clear developmental 
phenotype, both lines suffered in crossing experiments when used as a maternal parent 
whereas no effect was seen when the NodC OE lines were used as pollinator. 
Although initial carpel elongation was observed after emasculation and pollination of 
NodC OE flowers, most inflorescence branches died after several days, indicating that 
fertilization was performed successfully but stems were too fragile to recover from 
handling stress. Later we found that it was not the emasculation itself but rather the 
additional weight of the thread tied around the pedicel to demark crosses that caused 
the premature arrest of stem development (Fig 4A). Closer examination revealed that 
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NodC OE lines, although not having a slender phenotype, were in general more 
sensitive to mechanical stress. For example, side branches or siliques were sensitive to 
mechanical friction when touching the plastic Aracon tube used to separate individual 
plants (Fig 4B) and frequently the main inflorescence died after passing the conical 
portion of the Aracon tube base (Fig 4C). These observations were specific for NodC 
OE lines, indicating that the accumulating GlcNAc oligomers increase the plant’s 
sensitivity to mechanical stimuli.  
 
 
 
Figure 4.!NodC OE lines are hypersensitive to mechanical stress. A) pTGK42-10 used as maternal 
parent in crossing experiments. Side-branches have difficulties supporting the additional load of the 
threads used to mark the crosses. B) Necrosis of pTGK42-10 siliques and side-branches due to 
mechanical friction against the Aracon tube (arrow heads). C) Young developing inflorescence stem 
and side-branches of pTGK42-10 have died (arrow head) after touching the inverted cone of the base of 
the Aracon tube. 
 
An additional conditional phenotype was obtained when NodC OE lines were grown 
under conditions used to allow the development of a single large inflorescence stem 
that is typically used for cell wall analysis (Vanholme et al., 2012). For this purpose, 
plants are first grown for 6-8 weeks under short day (SD) conditions before a shift to 
LD conditions to trigger bolting. Under these conditions, NodC OE lines were 
consistently smaller than WT plants. Interestingly, the level of phenotypic penetrance 
could be modified by varying the time the lines were subjected to SD growth 
conditions before their shift to LD. To analyze this in a structured way, plants were 
grown under SD conditions, and at different time points a subset of 51 plants (17 x 
WT, 17 x pTGK42-10, 17 x pTGK42-28) was transferred to LD growth conditions till 
senescence (Fig 5A). Grown under LD conditions, the phenotype of the vegetative 
stage of NodC OE plants was similar to that of WT plants.  
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However, when grown for four or six weeks under SD conditions NodC OE plants 
revealed a shade avoidance response characterized by leaf hyponasty (Fig 5B). In WT 
plants, a similar effect was only observed after growing the plants for eight weeks 
under SD conditions, and this effect coincided with bolting. Interestingly, this 
hyponastic phenotype was not observed in most NodC OE plants that were grown for 
eight weeks under SD conditions. These plants were either delayed in bolting 
compared to WT, or never made the shift to a bolting stage. In addition to the shade 
avoidance phenotype, rosettes of NodC OE plants grown for at least six weeks under 
SD conditions were significantly smaller compared to the rosettes of WT plants at the 
time of transfer from SD to LD (Fig 5C).  
In contrast to the relatively mild phenotypes at the vegetative stage, more dramatic 
phenotypes were seen at the flowering stage. Stems of NodC OE plants grown for four 
weeks under SD conditions before transfer to LD conditions had a slightly reduced 
average height compared to stems of WT plants (Fig 5D). Due to the large variation, 
this difference was only significant at the 0.05 level. The growth penalty was more 
pronounced when plants were kept for six weeks under SD conditions. Interestingly, 
for six out of the 36 NodC OE plants of this batch (3 x pTGK42-10, 3 x pTGK42-28) 
the apex of the main stem died during development, whereupon side branches 
appeared from the main stem and secondary stems appeared from the rosette, resulting 
in plants with a dwarfed and bushy phenotype. Transferring plants to LD conditions 
after eight weeks in SD resulted in even more severe phenotypes. Only 13 plants of 
the NodC OE lines (9 x pTGK42-10, 4 x pTGK42-28) developed an inflorescence 
stem, of which eight (5 x pTGK42-10, 3 x pTGK42-28) died during development and 
in two cases flowers rather than side branches appeared at the base of the rosette. 
Some of the stems had a reduction in internode length, which resulted, in severe cases, 
in plants with a broomhead phenotype (Fig 5E). No such phenotypes were observed in 
WT plants in the same tray. Together with the growth penalty, stems of NodC OE 
plants subjected to SD growth conditions did not turn pale upon senescence but 
remained greenish brown (Fig 5F), a phenotype that is indicative of incomplete 
senescence. 
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Figure 5. The conditional phenotype of NodC OE lines. A) Scheme of the experimental setup to 
assess the conditional phenotype. SD and LD growth conditions are depicted as black and white bars 
respectively. Numbers on top correspond to weeks. Each bar represents a set of plants subjected to a 
specific growth condition, characterized by a specific number of weeks in SD and LD condition. B) 
Top: Representative pictures of leaf hyponasty in NodC OE lines compared to WT grown for 6 weeks 
under SD growth conditions. Bottom: quantification of leaf hyponasty. Y-axis gives the petiole angle of 
the longest leaf at that moment above the horizontal plane. C) Rosette diameter in cm on the moment of 
transfer from SD to LD growth conditions. D)Length of the inflorescence stem of fully senescent 
plants. E) Close up of the different phenotypes observed during stem development. a) NodC OE lines 
(right) and WT plants (left) transferred after 8 weeks under SD to LD conditions to induce bolting. 
Picture was taking after 20 days under LD condition. b) A cluster of flowers at the base of the 
inflorescence of a NodC OE plant. c) Internodes are reduced (empty arrowhead), forming in severe 
cases broomheads (d). e) Necrosis of the inflorescence shoot apices. F) Two-mm stem sections 
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obtained from 12 cm  stem fragment of plants grown under different light conditions. The longer WT 
plants were grown under SD conditions the more biomass was produced. NodC OE plants grown under 
similar conditions produced less biomass upon senescence. For B-D, Asterisks indicate statistical 
significance at P < 0.01 as determined by Student's t-test. Values are mean ± standard deviation from at 
least fourteen plants per genotype for each batch, with the exception of batch 5 in (D) were only five 
and three plants were used for the lines pTGK42-10 and pTGK42-28 respectively. White: WT; grey: 
pTGK42-10, black: pTGK42-28. 
 
The penetrance of the NodC phenotype is correlated with (GlcNAc)n 
concentrations 
While generating crosses between NodC OE plants and different mutants or marker 
lines, we observed that homozygous plants were phenotypically different from WT 
plants, whereas hemizygous plants had a similar phenotype to the WT plants under 
the conditions tested. To analyze this in more detail, backcrosses with Col-0 were 
made to create pure hemizygous NodC OE lines. These plants were grown together 
with the parental lines under conditions that cause a mild phenotype in homozygous 
lines (4 weeks SD before shift to LD). Whereas homozygous plants revealed the 
hyponastic growth phenotype and had a reduced height (Fig 6A), hemizygous lines 
were morphologically indistinguishable from untransformed plants independent of the 
growth condition tested (including the timing of transition from SD towards LD 
growth conditions). GlcNAc measurements on rosette leaves revealed that the 
hemizygous lines had reduced levels of GlcNAc oligomers compared to homozygous 
lines that were grown in the same tray (Fig 6B), suggesting that a certain (GlcNAc)n 
threshold is needed to cause a phenotype. 
Besides the generation of plants with reduced (GlcNAc)n concentrations, we tried to 
increase the oligomer concentrations to investigate whether higher (GlcNAc)n 
concentrations would result in a more severe phenotype compared to the homozygous 
NodC OE lines. Although tunicamycin was previously used in vitro to increase 
GlcNAc oligomer concentrations, the morphological defects upon tunicamycin 
treatments (small plants with radially swollen roots) were the result of effects 
unrelated to GlcNAc (such as blocking the glycosylation pathway), as similar defects 
were obtained in treated WT plants (data not shown). In an attempt to increase the 
(GlcNAc)n concentrations without blocking specific metabolic pathways, a new 
construct was made in which the NodC gene was combined with the constitutive 
expression of GLUTAMINE-FRUCTOSE-6-PHOSPHATE AMINOTRANSFERASE 
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(GFAT, NC_002655). GFAT is considered to be the rate limiting enzyme in the 
production of UDP-GlcNAc (Fig 6C), the substrate for NodC. Overexpression of both 
GFAT and NodC enzymes resulted in plants with increased GlcNAc oligomer 
concentrations compared to previous NodC OE lines (Fig 6D). When grown under SD 
conditions for four weeks before transfer to LD, these plants revealed a dramatic 
phenotype, with none of the plants developing a normal inflorescence stem. In the 
best case, stunted broomheads developed (Fig 6E). 
In conclusion, these results indicate that besides the threshold, a dose response 
exists, where the phenotype is correlated with the level of GlcNAc monomers and 
oligomers that accumulate in the plant. 
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Figure 6.!Dose response effect of GlcNAc oligomer concentration on the phenotype. A) Stem length of 
hemizygous (pTGK42-10-HE and pTGK42-28-HE) and the homozygous NodC OE lines (pTGK42-10 
and pTGK42-28) grown under similar conditions. B) Ratio of GlcNAc dimer and trimer concentration 
in the hemizygote versus its corresponding homozygote. White: pTGK42-10, Black: pTGK42-28.  C) 
Metabolic pathway towards GlcNAc oligomers. The two enzymes expressed in the pTKL15-11 line are 
indicated: GFAT (GLUTAMINE:FRUCTOSE-6-PHOSPHATE AMINOTRANSFERASE) catalyzes 
the rate limiting step towards the UDP-GlcNAc and NodC catalyzes the polymerization of UDP-
GlcNAc into GlcNAc oligomers.   D)Ratio of GlcNAc dimer and trimer concentration in the pTKL15-
11 versus pTGK42-28. E) Phenotype of Arabidopsis line pTKL15-11 in comparison with a WT of 
similar age and grown under similar growth conditions (6 weeks SD, 3 weeks LD). Inset: detail of a 
representing broomhead phentoype. Asterisks indicate statistical significance from WT plants of the 
same batch at P < 0.01 as determined by Student's t-test. Values are mean ± standard deviation. 
"#$#$%&!'!!!!!!!!!!!!!!!!!!!!!!!!(//)*)+$$0,-!,.!N-acetylglucosamine (GlcNAc) oligosaccharides !
!
!
0/
Accumulating GlcNAc oligomers do not induce classical chitin, ER or oxidative 
stress reactions 
As mentioned before, GlcNAc oligomers are well known elicitors that activate a 
specific response in the plant. The response is mediated by the plasma membrane 
receptor kinase CERK1 (AT3G21630) which recognizes chitin oligomers and 
transmits the signal towards the cytoplasm (Miya et al. 2007). This receptor is 
essential for the response as cerk1 lines completely lack the chitin-mediated stress 
response. Despite the accumulation of chitin fragments, no chitin response was 
expected as the produced oligos are most likely too short to activate the receptor. 
Indeed, overexpressing NodC in a cerk1 background did not restore the mutant 
phenotype to the WT (Fig 7A) indicating that the (GlcNAc)n-induced phenotype is not 
the result of a classical chitin response activated by the GlcNAc oligomers. 
An oxidative stress response independent of CERK1 could nevertheless be expected 
upon (GlcNAc)n accumulation (de Jonge et al. 2010). To check for oxidative stress, 
young seedlings were treated with 3,3'-diaminobenzidine (DAB) for the detection of 
H2O2-producing cells. No difference was observed between WT and NodC OE lines, 
indicating that no significant oxidative stress was induced upon (GlcNAc)n 
accumulation (Fig 7B). 
Alternatively, the ectopic lignification could be the result of ER stress, caused by 
distortion at the level of N-glycosylation in the NodC OE lines (Nozaki et al. 2012). 
Previous experiments with tunicamycin as inhibitor for N-glycosylation revealed that 
both N-glycosylation and GlcNAc oligomer production compete for the same 
cytoplasmic UDP-GlcNAc pool (Fig 2). The polymerization of GlcNAc could in 
theory deplete the substrate pool for N-glycan biosynthesis, and affect N-glycosylation 
in general. However, neither concanavalin A (ConA) nor wheat germ agglutinin 
(WGA)-lectin blots revealed alteration in the glycosylation pattern in NodC OE lines 
compared to WT plants (Fig 7C).  
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Figure 7.!The phenotype upon (GlcNAc)n accumulation is independent of the chitin receptor CERK1 
and is unrelated to oxidative or ER stress. A) Left: stem length of NodC OE lines pTGK42-10 and 
pTGK42-28 in the WT and cerk1 background. Right: extreme stem phenotype of NodC OE line 
pTGK42-10 and pTGK42-10 x cerk1 compared to WT. B) Left: visualization of H2O2 production in 
10-day-old Arabidopsis seedlings by incubating roots in DAB. Right: detail of the root tip. C) 
Glycosylation pattern of proteins of WT and NodC OE lines. Proteins were extracted from fully 
developed leaves of rosette-stage plants. The blot was performed using WGA-peroxidase (left) or 
ConA-peroxidase (right). Marker: PageRuler Plus Prestained Protein Ladder.The molecular weights are 
indicated in kDa.Asterisks indicate statistical significance compared to the WT at P < 0.01 as 
determined by Student's t-test. Values are mean ± standard deviation. 
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(GlcNAc)n accumulation alters cell wall architecture 
As the most dramatic phenotypes were observed in inflorescence stems, we studied 
the stem anatomy. The regions with reduced internode length or a broomhead 
phenotype were characterized by giant holes in the pith region (Fig 8A-B). Semi- and 
ultrathin sections revealed that these holes were the result of sheared cell walls, 
indicating a general loss of cell wall strength (Fig 8C-D, Fig 9). Although typical in 
plants with a defective cell wall, no irregular xylem phenotype (Turner and 
Somerville, 1997) could be observed in the transgenic lines. Wiesner staining revealed 
ectopic lignin accumulation in pith cells (mainly cell walls bordering the enlarged and 
ruptured cells; Fig 9) and ectopic lignification started in cell corners and preceded the 
lignification of the interfascicular fibers. No anatomical differences compared to WT 
stems were observed in sections below the region with reduced internode length (Fig 
9).   
 
Figure 8.!Microscopic analyses of transverse stem sections of the NodC OE line pTGK42-28 (right) 
compared to WT (left). A) SEM image of a 250 µm vibroslice stem section revealing syncytium-like 
structures in the pith region of NodC OE lines. bar = 200 µm. B) Detail of (A). bar = 200 µm. C)
 Toluidine blue stained semi-thin stem sections illustrating that ruptured cell walls are at the 
base of the observed modifications in the pith region. Black arrowhead point to modified pith cells. bar 
= 100 µm. D) Transmission EM cross sections confirming the presence of ruptured cell wall in pith 
cells of NodC OE lines. bar = 10 µm. Similar defects were observed in pTGK42-10 lines. 
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Figure 9.!Ectopic lignification of the pith cells in NodC OE.Visualization by Wiesner staining of lignin 
in stem sections of the NodC OE line pTGK42-28 at two different positions along the stem. The apical 
region with reduced internode length is characterized by the accumulation of ectopic lignin in the pith 
region. The enlarged pith cells due to the sheared cell walls are clearly visible in this region (a). 
Sections within the internode with a normal phenotype have no ectopic lignification and have no 
enlarged pith cells (b).Similar effects were observed in pTGK42-10 lines. 
 
In order to determine whether an altered cell wall composition caused by the 
accumulating GlcNAc oligomers could be the origin of the observed phenotype, the 
stem material of the plants grown for phenotypic characterization was used for cell 
wall characterization. Due to the severe anatomical differences in the region with 
reduced internodes, the analysis was restricted to a 12-cm segment of the fully 
senescent main stem one cm above the rosette, and care was taken not to include 
regions with aberrant internode length. Stems derived from WT plants that were 
subjected to SD growth conditions were enriched in cell wall residue (CWR) 
compared to WT plants that were grown under LD conditions (Fig 10B). This trend 
was not observed in NodC OE lines that produced approximately 75-80% CWR 
irrespective of the time plants were grown under SD condition (Fig 9B). 
Consequently, NodC OE plants produced significantly less cell wall compared to WT 
plants when subjected for several weeks to SD conditions. To determine whether this 
was caused by a reduction of one of the cell wall polymers, the chemical composition 
of the cell wall was analyzed.  
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Cellulose content was measured by the Updegraff reagent and, although the average 
values of NodC OE lines were slightly lower compared to those of WT plants, 
differences were not significant (Fig 10C). Similarly, the amount of AcBr-soluble 
lignin was not different between NodC OE and WT plants (Fig 10D). This 
observation is in line with the Wiesner staining performed on stem segments with an 
overall normal morphology where no differences were seen between NodC OE plants 
and WT. Finally, the cell wall of NodC OE plants had a similar amount of TFA-
hydrolysable carbohydrate content (Fig 10E), which had a similar monosaccharide 
composition as in WT plants (Fig 11), indicating that the GlcNAc oligomers had no 
dramatic influence on the amount and composition of the hemicelluloses in the cell 
wall.  
During cell wall extraction, GlcNAc monomers and oligomers were easily extracted 
by boiling dry stem segments in water, indicating that at least a fraction of the 
produced GlcNAc oligomers was not covalently linked to cell wall polymers. This 
was confirmed by whole cell wall NMR performed on purified cell wall material of 
NodC OE plants – GlcNAc or related compounds were not detected in the NMR 
spectra, which would suggest they are not covalently incorporated in the cell wall (Fig 
12). Nevertheless, they could intercalate between the cell wall polysaccharides, and 
hence alter the overall cell wall architecture. As this could have repercussions on the 
accessibility to enzymes, the efficiency of cellulose degradation was used as tool to 
measure cell wall integrity. The CWR was incubated with cellulases and aliquots were 
sampled after 4, 24 and 48 h of incubation to follow the release of glucose over time 
(Fig 10F). WT plants that were grown under LD conditions released more glucose 
compared to plants that were initially grown under SD conditions, and there was a 
negative correlation between the time plants spent under the SD condition and the 
amount of glucose that was released from their cell wall. In NodC OE lines the release 
of glucose was reduced compared to WT plants (Fig. 10F). This effect was most 
pronounced at the onset of saccharification (4 h) and diminished at later time points 
(24 and 48 h), an indication that the drop in saccharification yield most likely results 
from an increase in cell wall recalcitrance rather than a decrease in cellulose content, 
which is in line with the absence of difference in Updegraff cellulose concentrations 
(Fig 9C). 
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In conclusion, the accumulating GlcNAc oligomers clearly influenced the overall cell 
wall architecture, as both the CWR amount per dry weight and the saccharification 
yields expressed per CWR were affected upon NodC expression.   
 
 
 
 
 
Figure 10.!Chemical composition of the cell wall of the bottom 12-cm stem section of NodC OE lines. 
A) Scheme of the experimental setup to assess the conditional phenotype (see Fig 4A for additional 
details). B)Percentage cell wall residue (CWR) in dry stem tissue of NodC OE and WT plants. C) 
Cellulose content in percentage of CWR as determined by Updegraff extraction. D)Lignin content in 
percentage of CWR as determined by AcBr extraction. E) Percentage TFA-extractable carbohydrates 
from CWR. F) Total glucose released during saccharification of purified cell wall residue. The Y-axis 
denotes the glucose release. Three different hydrolysis times were used: 4 (top), 24 (middle) and 48 h 
(bottom). Day/night conditions for the different batches are explained in Fig 4A. Asterisks indicate 
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statistical significance from WT plants of the same batch at P < 0.01 as determined by Student’s t-test. 
Values are mean ± standard deviation from at least eight plants per genotype for each batch, with the 
exception of batch5, where only four (pTGK42-10) or one (pTGK42-28) stem was available. White: 
WT; grey: pTGK42-10, black: pTGK42-28. 
 
 
Figure 11.!Monosaccharide composition of TFA-extractable carbohydrates of cell walls from NodC 
OE lines and WT plants. 
 
 
 
Figure 12. Overlay of partial short-range 1H–13C (HSQC) spectra of acetylated cell wall gels (blue) 
and chitine (red) dissolved in 4:1 DMSO-d6/pyridine-d5. The different spectra reveal the cell wall 
composition of an untransformed control (WT; A) and two NodC OE lines (pTGK42-10 and pTGK42-
28; B and C respectively). All NMR spectra were checked by overlaying spectra of pure chitin standard 
(red). No indication was found (even when spectra are viewed at lower contour resolution) that would 
support the incorporation of GlcNAc into the cell wall polymers. 
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Differential expression of the transcriptome upon (GlcNAc)n accumulation 
To obtain further insight into the effect of (GlcNAc)n accumulation on the overall 
plant physiology, the transcriptomes of developing stems of both NodC OE and WT 
lines grown for two weeks under SD conditions before shift to LD (cfr 2wSD plants 
of Fig. 5A) were analyzed using Agilent 60-mer oligonucleotide microarrays 
containing 37,484 probes corresponding to 24,696 genes (TAIR10 annotation, 
www.arabidopsis.org). After normalization and statistical analysis, 635 and 1114 
genes were considered differentially expressed (2-fold change; P < 0.05) in stems of 
pTGK42-10 and pTGK42-28, respectively. Most of these genes were upregulated 
(75.1% in pTGK42-10 and 65.0% in pTGK42-28). The overlap between the data sets 
both for up- and downregulated genes compared to WT is visualized in Figure 
13A;88.2% of the differentially expressed genes in pTGK42-10 were also differently 
expressed in pTGK42-28 and the top 30 genes with the highest differential expression 
in both lines (both up and down) are listed in Tables 1 and 2. In addition to several 
genes with unknown function, the list includes genes involved in transport, stress 
response, cell wall modification, and signaling. The identification of the key 
biological processes affected by the accumulating GlcNAc oligomers was performed 
with MAPMAN that projects expression changes of individual genes on biochemical 
pathways and functional classes (so-called BIN classes). The BIN representing 
“signaling”, “secondary metabolism” and “development” (BIN 30, 16 and 33, 
respectively) were considered most highly affected (Fig10B). The latter could be an 
artifact, as both NodC OE lines were slightly smaller compared to the WT at the 
moment of sampling (WT: 28.3 ± 2.8 cm; pTGK42-10: 24.1 ± 3.3 cm; pTGK42-28: 
24.5 ± 2.5 cm). Focusing on the “signaling” class revealed that in particular ”Receptor 
Like Kinases” (BIN30.2) were strongly affected by GlcNAc accumulation. This BIN 
class consists 523 elements of which 30 (5.7%) were at least 2-fold upregulated in 
pTGK42-10 and 29 (5.5%) in pTGK42-28 (Table 3). Interestingly, in both cases 14 of 
the upregulated receptor like kinases belong to the Domain of Unknown Function 26 
class (DUF26; BIN 30.2.17; Fig 10C), which corresponds to 31.11% of the elements 
of this class (n=44). In addition three additional DUF26-containing proteins, not 
belonging to the RLKs but predicted to be secreted or trapped in the plasma 
membrane, were at least 2-fold upregulated upon NodC expression (AT3G22060, 
AT4G23170 and AT5G37660).  
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Although we cannot exclude the possibility that the overrepresentation of DUF26 
genes is the consequence of the developmental shift between WT and NodC OE lines, 
this subset of genes is not differentially expressed in transcriptomic datasets derived 
from developing Arabidopsis stems (Ko and Han, 2004; Ehlting et al., 2005) 
indicating that these proteins play a role in the direct or indirect perception or 
signaling of accumulating GlcNAc oligomers. Similarly, one of the 4 genes coding for 
LysM containing receptor-like kinase (LYK) proteins was highly induced upon NodC 
expression (LYK5; AT2G33580). Some members of this LYK family do interact with 
chitin, and LYK5 was predicted to have similar properties based on sequence 
homology (Wan et al., 2008; Wan et al., 2012).  
As the MAPMAN analysis calculates significance values for different BIN classes 
based on the number of differentially expressed genes without considering expression 
levels of these genes, the classification represents only part of the valuable 
information covered in the microarray dataset. This is nicely illustrated by BIN class 
10, representing cell wall related genes. Despite the presence of genes encoding cell 
wall modification proteins in our top list of differentially expressed genes, MAPMAN 
analysis did not retain this class as significantly affected in NodC OE lines. Similarly, 
many of the top list genes are involved in stress responses although BIN classes 
related to biotic and abiotic stress (class 20.1 and 20.2 respectively) were not 
significantly responsive upon (GlcNAc)n accumulation. To avoid the loss of 
interesting information we used the software for a targeted approach independent of 
the class-significant values. Although a set of stress related genes was differentially 
expressed (including a set of chitinases; Table 4), the expression of markers for chitin 
response (i.e., AT1G51890 or AT4G20780; Gimenez-Ibanez et al., 2009) was not 
significantly changed upon GlcNAc oligomer accumulation, supporting previous 
observations that the observed stress response differs from a classical chitin response. 
Similarly, the expression of specific markers for ER response (Liu et al., 2007) was 
not affected upon NodC expression indicating that UDP-GlcNAc consumption to 
produce the oligomers does not interfere with proper protein glycosylation. Also the 
expression levels of genes involved in the biosynthesis of UDP-GlcNAc or nucleotide 
sugar in general did not change significantly, and genes for nitrogen metabolism were 
only slightly increased, suggesting that the pool of nitrogen in the plant is sufficient to 
support the biosynthesis of the nitrogen-containing oligochitin. 
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Figure 13. Gene expression in stem tissue of Arabidopsis upon NodC expression. A) Venn diagram 
showing number of significantly differentially expressed genes upon NodC expression with an 
expression ratio of at least two (P < 0.05). The Venn diagrams indicate the degree of overlap between 
the different NodC OE lines. Data are derived from microarray analysis, using two different NodC OE 
lines (pTGK42-10 and pTGK42-28). B) Top-5 of overrepresented BIN classes. Only genes at least two 
fold up- or downregulated in both NodC OE lines (pTGK42-10 and pTGK42-28) compared to WT 
were included. C) Differentially expressed receptor like kinases upon NodC OE in Arabidopsis. For 
each of the RLK families, the MAPMAN BIN code is given as well as the total number of genes in this 
family and the number of significantly differentially expressed family members in pTGK42-10 and 
pTGK42-28. DUF26 RLKs are overrepresented in the dataset where stem tissue of pTGK42-28 or 
pTGK42-10 are compared to WT. At the left the domain structure of the different receptor like kinases 
as defined by MAPMAN is given. 
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Discussion 
The expression of the A. caulinodans NodC gene in Arabidopsis resulted in the 
accumulation of GlcNAc mono- and oligosaccharides in the apoplast. The maximum 
DP of the oligomers detected was five (Fig 1), which is in agreement with the 
described function of this gene in the bacterial symbiont A. caulinodans (Geremia et 
al., 1994), where the GlcNAc pentamer forms the backbone for the lipo-
oligosaccharide commonly known as Nod-factor. In contrast to observations in A. 
caulinodans (Geremia et al., 1994), we found a negative correlation between the DP 
and the abundance of the oligomer. Although this could be due to the extraction and 
detection methods used, microarray analyses revealed that the expression of several 
chitinases was induced upon GlcNAc accumulation in Arabidopsis (Table 4). We 
cannot therefore exclude the possibility that at least a fraction of the accumulating 
smaller oligomers is derived from partial degradation rather than incomplete 
polymerization.  
The growth defects obtained upon GlcNAc accumulation in the apoplast turned out to 
be highly dependent on the environmental conditions: no significant differences were 
observed when plants were grown under LD condition, whereas severe growth defects 
were obtained when NodC OE plants were initially grown under SD growth 
conditions before shift to LD conditions (Fig 4 and 9). Moreover, the penetrance of 
the phenotype was correlated with the time plants were initially kept under SD 
conditions. Growing WT Arabidopsis under SD condition prolongs its vegetative 
stage and bolting is triggered upon transfer to LD conditions whereupon the available 
energy stored in the rosettes is used to produce the inflorescence stem. Prolonging the 
initial SD growth period increases the rosette size of WT plants (Becker et al. 2006) 
and accordingly the final weight and height of the inflorescence stem. This increase in 
biomass comes with an increase in cell wall residue (Fig 10B), a feature that is most 
likely essential to support the bigger stem. As NodC OE lines are not able to increase 
their CWR to the same extent as WT plants, it is tempting to speculate that this results 
in weaker plants which can’t withstand mechanical stress or support their growing 
inflorescence stem. This could eventually result in the observed apical growth arrest 
or the broomhead phenotypes (Fig 5, 8 and 9). This conditional phenotype is similar 
to phenotype of the fragile fiber mutants  fra1 and fra2 (Burk et al. 2001; Zhong et al. 
2002). Both mutants are affected in the organization of their cellulose microfibrils 
which lead to weak plants with difficulties to develop a strong inflorescence stem. 
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This observation is supporting our hypothesis that the mechanical defects in the nodC 
lines find their origin in a disturbed cell wall architecture.  
As GlcNAc oligomers accumulate in the extracellular space, and are easily extracted 
with water, they likely intercalate non-covalently between the polysaccharides of the 
cell wall. Here they will unavoidably compete in carbohydrate-carbohydrate, or 
carbohydrate-protein interactions that are at the heart of the cell wall structure 
(Cosgrove, 2005). The fact that the penetrance of the phenotype is dose dependent is 
in agreement with this view and further suggests that GlcNAc oligomers act as 
competitors in the above interactions (Fig 14). In addition it could explain why no 
major differences in cell wall composition were found, despite the clear effect on 
saccharification yield. The suggested model is supported by several wet chemistry 
applications such as competitive elution affinity chromatography (Bridonneau et al., 
1999) or special agglutination assays, where GlcNAc oligomers are applied to block 
carbohydrate-protein interactions (Monsigny et al., 1980). A similar GlcNAc 
competitor approach was previously implemented in a lectin binding assay to study 
the glycoproteome of Saccharomyces cerevisiae in a cell-free system (Kung et al., 
2009) and Lefebvre et al. (2004) injected GlcNAc in Xenopus oocytes to block O-
glycosylated protein–lectin interactions. Comparable experiments revealed that the 
biological activity of the oligomers is related to their molecular size, with longer 
oligomers being more efficient competitors (Allen et al., 1973). Hence, although 
primarily monomers and shorter oligomers accumulate in NodC OE lines, the small 
fraction of longer oligomers can have an important contribution to the cell wall 
perturbation. We can speculate on the different interactions that will be blocked by 
(GlcNAc)n in the apoplast; and some can be deduced from the literature. For example, 
NodC OE plants phenocopy to some degree the elp mutant that is characterized by 
ectopic lignification of the pith cells (hence the name “elp”) and smaller inflorescence 
stems (Zhong et al., 2000; Zhong et al., 2002). elp is mutated in CHITINASE-LIKE 1 
(AtCTL1; AT1G05850), a gene highly expressed in stem tissue and linked with cell 
wall formation. Despite its name, CTL1 lacks chitinase activity; however it can 
interact with (oligo)chitin, and it was recently shown that this apoplastic protein also 
interacts with glucan-containing polymers such as cellulose and xyloglucan (Sanchez-
Rodriguez et al., 2012). These data support our competitor model as blocking the 
carbohydrate-CTL1 interaction using GlcNAc oligomers is expected to result in a 
similar phenotype as the absence of the CTL1.  
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Despite the emphasis on the cell wall region as putative target site for GlcNAc oligos, 
it is important to mention that we can’t exclude the occurrence of competitive 
inhibition within the cells of NodC plants.  
 
 
 
Figure 14. Suggested competition model. Different lines with different (GlcNAc)n concentration were 
generated in this study (bottom) and the penetrance of the phenotype is positively correlated with the 
(GlcNAc)n concentration. The molecular interaction blocked by (GlcNAc)n can be either A) a 
carbohydrate-carbohydrate interaction or B) a carbohydrate-protein interaction. 
 
The presented model could explain the influence of small oligosaccharides on plant 
growth and development. Such oligosaccharides can accumulate in the apoplast upon 
cell wall hydrolysis during pathogen attack or developmental processes such as lateral 
root development, germination and fruit ripening (Goulao and Oliveira, 2008; Lagaert 
et al., 2009; Jamar et al., 2011; Kumpf et al., 2013). In the latter cases, the effect of 
the oligosaccharides is masked by defects caused by cell wall depolymerization and 
the difficulty to uncouple both processes makes it challenging to study their relative 
importance. By synthesizing oligosaccharides in the plant independently from cell 
wall hydrolysis, we have an excellent tool to study the influence of such short oligos 
on plant physiology.  
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When focusing on the specific nature of the accumulating oligosaccharides, the 
described competition model is especially important for plant-pathogen interactions as 
many pathogens (eg most fungi, arthropods and nematodes) have both the enzymes 
and substrates to generate the described GlcNAc oligomers. In addition, plants release 
chitinases as defense mechanism upon pathogen attack to degrade the cell wall or 
exoskeleton of the pathogen. Currently, only slightly longer chitin oligomers have 
been considered important in plant-pathogen interactions, as a certain DP (DP ~8) is 
essential to activate the chitin signaling pathway (Wan et al., 2004; Libault et al., 
2007; de Jonge et al., 2010). Although shorter oligomers (DP <8) interact with similar 
affinity to CERK1, longer oligomers are essential to induce homodimerisation of the 
chitin receptor and hence activate the cytoplasmic signaling cascade (Liu et al., 2012). 
Our current observations are in line with these results and explain why the observed 
phenotype was not restored when NodC (producing shorter oligo’s) was expressed in 
the cerk1 background, and support the idea that the observed defects are not the result 
of a classical chitin response. 
This absence of a clear chitin related response is also reflected in our transcriptome 
dataset. Although a clear induction of different stress related genes were seen, only 
limited overlap was found with datasets describing chitin triggered gene expressing 
(Wan et al., 2004; Libault et al., 2007). The observed stress reactions (including the 
expression of chitinases) are likely secondary effects triggered by the altered cell wall 
and communicated across the plasma membrane via transmembrane RLKs, of which 
many are differentially expressed upon NodC expression. Here, the DUF26 class of 
RLKs is of particular interest as almost one third of the members of this class are at 
least 2-fold upregulated. A comparable induction of similar receptor like kinases 
(PRK1-4) was observed in potato upon treatments with oligogalacturonides 
(Montesano et al., 2001). These plasma-membrane-localized proteins are composed of 
an extracellular region containing two plant-specific DUF26 domains (each 
characterized by a conserved C-X8-C-X2-C motif) linked to an intracellular 
serine/threonine kinase domain by a single-membrane-spanning domain (Thomas et 
al., 2008). Although the function of these RLKs is not known, the structure of a 
DUF26 containing protein supports the idea that the DUF26 domain can interact with 
carbohydrates (Miyakawa et al., 2009).  
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Moreover, the DUF26 RLK family is plant specific and expanded after divergence of 
vascular plants supporting the suggested link with the plant cell wall. If DUF26 RLKs 
interact with cell wall compounds, they could monitor cell wall perturbations caused 
by biotic or abiotic stresses and communicate signals across the cell membrane to 
switch on the appropriate reaction response. This function is similar to lectin RLKs 
and wall-associated kinases (WAKs); transmembrane proteins of these families are 
characterized by a carbohydrate-binding extracellular domain and a cytoplasmic 
kinase domain (Humphrey et al. 2007; Wolf et al. 2012). A physical interaction with 
cell wall poly- and oligosaccharides was already demonstrated for some of these 
proteins (Kohorn et al. 2012). This brings the DUF26 domain, or the RLKs in general, 
to the fore as another interesting target in our competition model (Fig 13). The 
significant increase in expression level of these receptor genes upon (GlcNAc)n 
accumulation in the apoplast is in agreement with the proposed model, where 
blocking the interaction between receptor and cell wall polysaccharide may trigger a 
positive feedback to increase receptor abundance to outcompete the competitor. An 
attempt to determine the function of DUF26 RLKs revealed a transcriptional 
regulation of many similar members of this family by extracellular ozone, pathogens 
or microbe associated molecular patterns (PAMPs) (Engelmann et al. 2008; Wrzaczek 
et al. 2010). It is well known that apoplastic ozone is quickly converted into reactive 
oxygen species (ROS) that can modify the integrity of the cell wall (Ehlers and van 
Bel, 2010; Duan and Kasper, 2011). Also pathogens modify cell walls in a direct or 
indirect way supporting our hypothesis that the DUF26 transcript levels change upon 
cell wall perturbations.   
In conclusion, we revealed how the accumulation of GlcNAc oligosaccharides in the 
plant cell wall causes a strong conditional phenotype. This response is not mediated 
by the CERK1 receptor, but is most likely the result of competitive inhibition with 
non-covalent interactions between cell wall polymers. In addition, a set of genes 
coding for DUF26 transmembrane receptors was upregulated upon GlcNAc 
oligosaccharide accumulation, pointing toward an unexplored function for these 
proteins in monitoring cell wall integrity.  
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Materials and Methods 
 
Plant material and growth conditions 
Arabidopsis thaliana ecotype Col-0 seeds were vapor-phase sterilized overnight (150 
ml bleach with 4.5 ml HCl) prior to being sown on 0.5xMS medium (2.15 g/l 
Murashige and Skoog basal salt mixture (Duchefa, The Netherlands), 0.05% MES 
buffer, 2% glucose, 0.8% plant agar, pH 5.7). Plates were incubated at 4 °C for at 
least 2 days whereupon they were oriented vertically in the growth chamber under LD 
conditions (LD: 16 h light, 8 h dark, 21 °C). For in vivo growth experiments young 
seedlings (five days after germination unless otherwise stated) were transferred to 
Jiffy 7 pellets (AS Jiffy Products Ltd., Norway) and grown in a growth chamber under 
LD conditions. Alternatively, plants were first grown under short day conditions (SD: 
8 h light, 16 h dark, 21 °C (day), 18 °C (night)) before being transferred to LD 
conditions. The exact time point whereupon plants were transferred to LD is 
mentioned in the result section.  
 
Cloning 
A DNA fragment coding for NodC of Azorhizobium caulinodans (locus tag 
AZC_3816) was introduced between T-DNA borders of a pGSC1700 binary vector in 
combination with a chimeric bar gene providing resistance to phosphinothricin. For 
GFAT a dicot codon optimized sequence based on the Escherichia coli gene 
NC_002655 was cloned into the T-DNA vector. Expression of the different genes was 
controlled by the cauliflower mosaic virus 35S promoter. The resulting T-DNA 
vectors, named pTGK42 (NodC expression) and pTKL15 (both NodC and GFAT 
expression), were introduced into the Agrobacterium strain C58ClRIF(pEHA101) 
(Hood et al., 1986) which were used to transform Arabidopsis thaliana by means of 
the floral dip method (Clough and Bent, 1998). Homozygous single insert mutants 
were selected on 0.5xMS medium containing phosphinothricin. For the subcellular 
localization a C-terminal EGFP fusion construct (pTGK44) was introduced in 
Agrobacterium  rhizogenes ATCC15834 which was used for generating Arabidopsis 
hairy roots.  
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Whole-cell-wall NMR  
For whole-cell wall NMR analysis, approximately 250 mg dried Arabidopsis stem (12 
cm fragments, harvested 1 cm above the rosette) was pre-ground for 1 min in a Retsch 
MM400 mixer mill at 30 Hz, using zirconium dioxide (ZrO2) vessels (10 ml) 
containing ZrO2 ball bearings (2 × 12 mm). The pre-ground cell walls were extracted 
three times with distilled water and subsequently three times with 80% ethanol by 
sonicating in an ultrasonic bath for 30 min each time. The freeze-dried extractive-free 
Arabidopsis samples were ball-milled using a Retsch PM100 planetary ball mill at 
600 rpm, using zirconium dioxide (ZrO2) vessels (50 ml) containing ZrO2 ball 
bearings (10 × 10 mm). Each sample (100 mg) was ground for 25 min (interval: 5 
min, break: 5 min, to avoid sample heating). The ball-milled cell walls were collected 
directly into the NMR tubes and gels formed using DMSO-d6/pyridine-d5 (4:1). NMR 
experiments for the whole-cell-wall gel-state samples were also performed as 
previously described (Kim and Ralph, 2010; Mansfield et al., 2012). NMR spectra 
were acquired on a Bruker Biospin (Billerica, MA) Avance 500 MHz spectrometer 
fitted with a cryogenically-cooled 5-mm TCI gradient probe with inverse geometry 
(proton coils closest to the sample). The central DMSO solvent peak was used as 
internal reference (δC 39.5, δH 2.49 ppm). The 1H–13C correlation experiment was an 
adiabatic HSQC experiment (Bruker standard pulse sequence ‘hsqcetgpsisp.2’; phase-
sensitive gradient-edited-2D HSQC using adiabatic pulses for inversion and 
refocusing). HSQC experiments were carried out using the following parameters: 
acquired from 10 to 0 ppm in F2 (1H) with 1000 data points (acquisition time 100 
ms), 200 to 0 ppm in F1 (13C) with 400 increments (F1 ‘acquisition time’ 8 ms) of 80 
scans with an interscan delay (D1) of 500 ms; the d24 delay was set to 0.89 ms (1/8J, J 
= 145 Hz). The total acquisition time was 5 h 35 min. Processing used typical 
matched Gaussian apodization (GB = 0.001, LB = -0.1) in F2 and squared cosine-bell 
and one level of linear prediction (32 coefficients) in F1. Volume integration of 
contours in HSQC plots used Bruker’s TopSpin 3 (Mac version) software, and was 
carried out on spectra in which linear prediction was turned off. 
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GlcNAc detection 
The GlcNAc oligomers were analyzed using a combination of derivatization, high-
performance liquid chromatography and mass spectrometry as described in Rozaklis 
et al. (2002). Briefly, leaf samples (20-150 mg) were snap frozen in liquid nitrogen 
and ground in 2-ml eppendorf tubes using a M300 mixer mill (Retsch, Haan, 
Germany). MeOH (80%, 0.5 ml) was added and the tubes were vortexed and 
centrifuged in a precooled table top centrifuge (5 min, 14000 rpm). Supernatant was 
transferred to a fresh 2-ml tube and lyophilized in a speed vac. The pellet was 
resuspended in 100 µΙ MeOH containing 0.5 M PMP (1-phenyl-3-methyl-5-
pyrazolone) and 100 µΙ 800 mM NH3. The reaction mixture was incubated at 70 °C in 
a thermomixer (Eppendorf) for 90 min at 850 rpm. After this incubation step, the 
reaction mixture was neutralized by adding 200 µl 800 mM formic acid and water up 
to 500 µl. After 3 subsequent chloroform extractions using 0.5 ml chloroform, 
samples were freeze dried and resuspended in 200 ul water. Samples were injected on 
a ultra-high performance liquid chromatography (UHPLC) system (Waters Acquity 
UPLC®, Waters Corp., Milford, MA, USA) equipped with a BEH C18 column (2.1 x 
150 mm, 1.7 µM, Waters) and hyphenated to a Thermo LCQ Mass Spectrometer. 
Mobile phases were composed of (A) water containing 1% acetonitrile (ACN) and 
0.1% ammonium acetate and (B) ACN containing 1% water and 0.1% ammonium 
acetate. Column temperature was maintained at 55 °C and the autosampler 
temperature at 10 °C. Following linear gradient elution was used with a rate of 300 
µl/min: at time 0 min 20% B, time 10 min 25% B and time 14 min 100% B. Full MS 
and MS/MS spectra of the eluting compounds were obtained with electrospray 
ionization (ESI) operated in positive-ion mode. Derivatized GlcNAc has a m/z value 
of 552.2 in positive mode, and the m/z value of the (GlcNAc)n oligomers were 755.3 
(n=2), 958.4 (n=3), 1161.5 (n=4), 1364.6 (n=5). Quantification of the compounds was 
based on total peak area. For the targeted screen, single ion monitoring was used with 
a window of 4 Da.  
Accurate mass was obtained via hyphenating the UHPLC to a time-of-flight 
mass spectrometer [TOF MS, Synapt Q-Tof (Waters Corporation, Manchester, UK)]. 
The flow was diverted to the mass spectrometer equipped with an electrospray 
ionization source and lockspray interface for accurate mass measurements. The MS 
source parameters were capillary voltage, 2.8 kV; sampling cone, 41 V; extraction 
cone, 3 V; source temperature, 120 °C; desolvation temperature, 350 °C; cone gas 
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flow, 50 l/h; and desolvation gas flow, 550 l/h. The collision energy for the trap and 
transfer cells was 6 V and 4 V, respectively. For data acquisition, the dynamic range 
enhancement mode was activated. Full-scan data were recorded in positive centroid 
V-mode; the mass range between m/z 100 and 1700, with a scan speed of 0.2 s/scan, 
with Masslynx software (Waters). Leucin-enkephalin (250 pg/µl solubilised in 
water/ACN 1:1 (vol:vol), with 0.1% formic acid) was used for the lock mass 
calibration, with scanning every 10 s with a scan time of 0.5 s. 
 
Subcellular localization  
Fully developed leaves of three-week-old Arabidopsis plants were harvested and 
submerged in 10% formalin–0.25% glutaraldehyde (in PBS) for 30 min using vacuum 
infiltration. The fixative was refreshed twice and the fixation was repeated using 
slightly longer incubation times (1 and 2 h respectively). Leaves were subsequently 
incubated twice in PBS and once in PBT (PBS + 0.1% Tween 20) for 1 h. Thereafter 
the buffer was replaced by the same buffer containing WGA-Alexa Fluor 555 (3 
µg/ml) and incubated for 4 h, whereupon the samples were washed twice washed in 
PBT and once with PBS (1 h each). The stained tissue was mounted on a microscope 
slide and evaluated by means of 3D-fluorescence microscopy (Apoptome; Zeiss, Jena, 
Germany) for optical sections. Alternatively IgM monoclonal antibodies to N-
acetylglucosamine (Biodesign) were used in combination with Alexa Fluor 488 
labeled goat anti-mouse IgM antibodies (Molecular Probes) to visualize the presence 
of GlcNAc oligos in Arabidopsis root hairs. 
 
Western blotting to detect glycoproteins 
Leaf samples (24-26 mg) were snap frozen in liquid nitrogen and ground in 2-ml 
Eppendorf tubes using a Retsch MM301 ball mill. To obtain a crude protein extract, 
0.5 ml extraction buffer (50 mM NaP2O4, pH7; 1mM EDTA; 0.1% Triton X-100; 10 
mM β-mercapto-ethanol) was added and the tubes were incubated on ice for 10 min. 
During incubation the tubes were inverted several times. Samples were centrifuged in 
a precooled table top centrifuge (5 min 14000 rpm). Supernatant (100 µl) was 
transferred to a 1.5-ml Eppendorf tube and an equal amount loading buffer was added. 
Samples were heated (5 min 95 °C) and 40 µl aliquots were run on a 10 or 12% SDS-
PAGE gel. After separation proteins were transferred to a PVDF membrane (1 h at 
100 V) using a Mini Trans-Blot cell (BioRad). Membranes were blocked in blocking 
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buffer (100 mM Tris pH 7.5 / 0.5% Tween 20 / 1% BSA) for 1 h at room temperature 
and then incubated overnight with peroxidase-conjugated Concanavalin A (ConA) 
and wheat germ agglutinin (WGA) diluted in 0.5x blocking buffer. The membranes 
were subsequently washed five times in PBS + tween20 for 10 min at room 
temperature. Visualization was performed with the chromogenic peroxidase substrate 
3,3′-diaminobenzidine tetrahydrochloride (DAB). 
 
Light and electron microscopy (EM) analyses  
For light microscopy, stem segments were embedded in 7% agar, and sections (100-
150 µm) were made using a vibratome. To assess changes in lignin deposition, section 
were stained with Wiesner staining (phloroglucinol-HCl). For scanning electron 
microscopy (SEM), slightly thicker sections (250-500 µm) were made from the 
embedded stem segments, using a tabletop scanning electron microscope (SEM; 
Hitachi, Japan). For TEM section, samples were excised and immersed in a fixative 
solution of 2% paraformaldehyde and 2.5% glutaraldehyde and postfixed in 1% OsO4 
with 1.5% K3Fe(CN)6 in 0.1 M NaCacodylate buffer, pH 7.2 for 1 h under vacuum 
infiltration at RT and 4 h at RT rotating followed by fixation O/N at 4  ̊C. After 
washing 3 times for 20 min in buffer, samples were dehydrated through a graded 
ethanol series, including a bulk staining with 2% uranyl acetate at the 50% ethanol 
step followed by embedding in Spurr’s resin. Semi-thin sections were made and 
stained with toluidine blue. Ultrathin sections of a gold interference color were cut 
using an ultramicrotome (Leica EM UC6), followed by a post-staining with uranyl 
acetate and lead citrate in a Leica EM AC20 and collected on formvar-coated copper 
slot grids. They were viewed with a transmission electron microscope JEOL 1010 
(JEOL, Tokyo, Japan). 
 
Visualisation of H2O2 with DAB staining  
The accumulation of H2O2 was detected by an in situ histochemical staining using 
DAB. In vitro grown seedlings (5 dpg) were transferred to a 6 well plate, briefly 
rinsed with PSB and subsequently incubated in a solution containing 1mg/ml DAB 
(pH 5.5) for 1.5 h.  
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Transcript Profiling 
Sterile A. thaliana ecotype Col-0 seeds were germinated in vitro under LD conditions. 
Ten days after germination, seedlings were transferred to Jiffy 7 pellets and grown in 
a growth chamber under SD conditions for 2 weeks before being shifted towards LD. 
Twelve cm section of developing stems (24-28 cm stage), harvested 1 cm above the 
rosette, were snap frozen and ground in liquid nitrogen, and total RNA of a pool of 5 
stems was isolated with mirRVana (Ambion). The protocol was followed according to 
the manufacturer’s instructions until the step were total RNA was purified from the 
pooled sample. The quality checks as well as the microarray hybridization was 
performed by the MicroArray Facility of the Flanders Interuniversity Institute for 
Biotechnology ($%%&'(()))*+,!-"./0!1*#") and differentially expressed genes were 
identified with the R/Bioconductor package Limma using linear models and by taking 
into account technical and biological replicates. 
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Table 1. Top 30 genes upregulated upon NodC OE. 
 
 
AGI-code ProbeID pTGK42-10 p-value pTGK42-28 p-value Name/putative function 
    
1 AT4G02330 A_84_P21341 4.34 3.86E-08 4.23 3.80E-08 plant invertase/pectin methylesterase inhibitor superfamily 
2 AT5G39720 A_84_P23470 4.25 6.22E-05 4.09 6.74E-05 avirulence induced gene 2 like protein 
3 AT1G65845 A_84_P586318 3.99 6.48E-08 3.94 6.34E-08 unknown protein 
4 AT3G54830 A_84_P522715 3.92 1.23E-05 4.58 3.84E-06 transmembrane amino acid transporter family protein 
5 AT1G65240 A_84_P21818 3.91 1.06E-06 3.84 1.05E-06 eukaryotic aspartyl protease family protein 
6 AT1G30720 A_84_P18030 3.90 9.67E-05 4.08 6.11E-05 FAD-binding Berberine family protein 
7 AT5G64110 A_84_P15996 3.90 4.48E-05 4.11 2.68E-05 peroxidase superfamily protein 
8 AT2G34820 A_84_P530502 3.86 9.10E-05 3.38 1.84E-04 
basic helix-loop-helix (bHLH) DNA-binding superfamily 
protein 
9 AT1G16530 A_84_P506289 3.83 1.89E-07 4.09 1.13E-07 ASYMMETRIC LEAVES 2-like 9 
10 AT1G65510 A_84_P539238 3.78 4.98E-09 3.62 7.40E-09 unknown protein 
11 AT4G23310 A_84_P10997 3.77 3.08E-07 3.52 4.17E-07 cysteine-rich RLK (RECEPTOR-like protein kinase) 23 
12 AT5G06300 A_84_P22450 3.71 9.97E-06 3.45 1.38E-05 putative lysine decarboxylase family protein 
13 AT2G29110 A_84_P10728 3.68 1.32E-07 3.36 2.08E-07 glutamate receptor 2.8 
14 AT1G58225 A_84_P544532 3.62 2.34E-06 3.49 2.68E-06 unknown protein 
15 AT1G51860 A_84_P20996 3.48 4.20E-08 3.19 5.90E-08 leucine-rich repeat protein kinase family protein 
16 AT1G49500 A_84_P53790 3.48 1.12E-06 4.56 1.99E-07 unknown protein 
17 AT1G07610 A_84_P148418 3.42 4.63E-09 3.70 4.61E-09 metallothionein 1C 
18 AT1G66870 A_84_P141619 3.40 6.43E-06 3.70 3.33E-06 carbohydrate-binding X8 domain superfamily protein 
19 AT1G60970 A_84_P20922 3.38 1.41E-07 3.32 1.48E-07 SNARE-like superfamily protein 
20 AT1G65490 A_84_P57860 3.37 6.79E-07 3.28 7.06E-07 unknown protein 
21 AT5G39580 A_84_P16848 3.31 2.34E-07 3.26 2.33E-07 peroxidase superfamily protein 
22 AT1G03020 A_84_P19925 3.29 1.29E-05 3.86 3.99E-06 thioredoxin superfamily protein 
23 AT5G64120 A_84_P16942 3.29 2.78E-09 3.23 1.67E-09 peroxidase superfamily protein 
24 AT1G66460 A_84_P730499 3.20 1.38E-04 3.37 8.49E-05 protein kinase superfamily protein 
25 AT2G05330 A_84_P586382 3.20 4.73E-06 3.07 5.32E-06 BTB/POZ domain-containing protein 
26 AT2G25470 A_84_P18293 3.19 3.12E-04 3.31 2.09E-04 receptor like protein 21 
27 AT5G02760 A_84_P17710 3.17 3.20E-08 2.81 5.00E-08 protein phosphatase 2C family protein 
28 AT4G18280 A_84_P11922 3.16 1.07E-08 3.02 1.48E-08 glycin-rich cell wall protein-related 
29 AT5G50915 A_84_P528334 3.15 5.45E-08 3.46 3.59E-08 
basic helix-loop-helix (bHLH) DNA-binding superfamily 
protein 
30 AT1G72060 A_84_P51580 3.07 4.26E-05 3.41 1.803-05 serine-type endopeptidase inhibitors 
        
 
Values are LOG2 ratios (NodC OE / WT) 
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Table 2. Top 30 genes downregulated upon NodC OE. 
 
 
AGI-code ProbeID pTGK42-10 p-value pTGK42-28 p-value Name/putative function 
    
1 AT4G15390 A_84_P22420 -4.31 5.55E-05 -3.39 1.93E-04 HXXXD-type acyl-transferase family protein 
2 AT1G52690 A_84_P14274 -3.55 5.91E-06 -3.32 7.95E-06 late embryogenesis abundant protein (LEA) family protein 
3 AT1G43160 A_84_P16121 -3.35 2.17E-04 -3.09 3.03E-04 related to AP2 6 
4 AT3G02480 A_84_P18335 -2.92 8.29E-07 -2.77 1.02E-06 late embryogenesis abundant protein (LEA) family protein 
5 AT1G74080 A_84_P20939 -2.89 1.74E-05 -3.53 4.13E-06 myb domain protein 122 
6 AT1G59950 A_84_P15199 -2.86 2.90E-05 -3.39 7.90E-06 NAD(P)-linked oxidoreductase superfamily protein 
7 AT3G50300 A_84_P504952 -2.83 7.52E-05 -2.38 1.59E-04 HXXXD-type acyl-transferase family protein 
8 AT1G15125 A_84_P106016 -2.81 3.45E-07 -2.72 3.74E-07 S-adenosyl-L-methionine-dependent methyltransferases  
19 AT5G38910 A_84_P17792 -2.61 1.54E-03 -1.16 4.96E-02 RmlC-like cupins superfamily protein 
10 AT3G04290 A_84_P11715 -2.54 1.50E-08 -2.13 3.48E-08 Li-tolerant lipase 1 
11 AT4G06746 A_84_P530732 -2.41 8.94E-09 -1.95 2.79E-08 related to AP2 9 
12 AT4G15270 A_84_P12017 -2.36 4.69E-07 -2.16 6.89E-07 glucosyltransferase-related 
13 AT4G11760 A_84_P21368 -2.34 4.46E-05 -1.69 3.19E-04 low-molecular-weight cysteine-rich 17 
14 AT1G10990 A_84_P291354 -2.32 7.29E-05 -2.18 9.30E-05 unknown protein;  
15 AT4G00910 A_84_P94999 -2.28 4.11E-05 -2.33 3.00E-05 aluminium activated malate transporter family protein 
16 AT1G62760 A_84_P18892 -2.19 3.73E-07 -2.49 1.56E-07 plant invertase/pectin methylesterase inhibitor  
17 AT3G04720 A_84_P23050 -2.17 9.54E-07 -1.16 4.72E-05 pathogenesis-related 4 
18 AT5G13330 A_84_P14906 -2.16 5.01E-06 -2.27 3.27E-06 related to AP2 6l 
19 AT4G16260 A_84_P17693 -2.01 6.05E-08 -1.55 2.45E-07 glycosyl hydrolase superfamily protein 
20 AT3G56700 A_84_P13765 -1.99 3.54E-04 -1.43 2.34E-03 fatty acid reductase 6 
21 AT1G27020 A_84_P10039 -1.96 1.90E-08 -1.82 2.82E-08 unknown protein; 
22 AT3G15270 A_84_P167633 -1.95 2.16E-07 -1.84 2.78E-07 squamosa promoter binding protein-like 5 
23 AT2G45180 A_84_P272390 -1.95 8.77E-07 -1.44 5.10E-06 lipid-transfer protein/seed storage 2S albumin  
24 AT2G26400 A_84_P563250 -1.93 5.36E-07 -1.74 9.01E-07 acireductone dioxygenase 3 
25 AT3G05690 A_84_P20208 -1.90 4.80E-06 -1.87 4.63E-06 nuclear factor Y. subunit A2 
26 AT5G25980 A_84_P12100 -1.88 1.14E-05 -1.93 8.30E-06 glucoside glucohydrolase 2 
27 AT2G14535 A_84_P732168 -1.87 1.02E-03 -1.35 6.02E-03 transposable element gene 
28 AT1G53700 A_84_P10747 -1.82 1.19E-06 -1.62 2.23E-06 WAG 1 
29 AT1G06340 A_84_P554127 -1.80 2.22E-04 -2.33 3.62E-05 plant Tudor-like protein 
30 AT2G26560 A_84_P21049 -1.80 7.71E-07 -1.84 5.82E-07 phospholipase A 2A 
        
 
Values are LOG2 ratios (NodC OE / WT) 
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Table 3. Membrane coupled receptor kinases at least 2-fold upregulated in pTGK42-
10 compared to WT. 
              
name AGI-code ProbeID K42-10 p-value pTGK42-28 p-value 
CRK23 * AT4G23310 A_84_P10997 3,767 3,08E-07 3,159 4,17E-07 
LRR AT1G51860 A_84_P20996 3,479 4,20E-08 3,188 5,90E-08 
RLK41 AT3G25010 A_84_P99776 2,793 8,72E-09 2,72 1,19E-08 
CCR4 AT5G47850 A_84_P23501 2,75 3,02E-06 2,461 5,40E-06 
CRK7 * AT4G23150 A_84_P13831 2,563 1,34E-08 2,327 2,13E-08 
CRK4 * AT3G45860 A_84_P19361 2,521 3,25E-08 2,411 3,71E-08 
RLK37 AT3G23110 A_84_P14579 2,408 9,45E-08 2,393 8,78E-08 
RLK6 * AT4G23140 A_84_P188254 2,406 5,40E-09 2,272 8,86E-09 
RLK23 AT2G32680 A_84_P20114 2,221 4,11E-08 2,177 3,84E-08 
CRK45 AT4G11890 A_84_P10967 2,210 5,40E-09 2,094 8,86E-09 
CRK14 * AT4G23220 A_84_P288470 2,099 3,00E-07 1,937 4,24E-07 
LRR AT1G51800 A_84_P10528 1,952 4,06E-07 1,612 1,15E-06 
CRK8 * AT4G23160 A_84_P560906 1,914 4,02E-06 1,594 1,17E-05 
CRK11 * AT4G23190 A_84_P528136 1,736 6,25E-04 1,595 9,23E-04 
CRK36 * AT4G04490 A_84_P18510 1,721 1,01E-07 1,844 6,19E-08 
NLOD AT4G13900 A_84_P16647 1,715 1,20E-07 1,561 1,91E-07 
LRR AT5G59660 A_84_P17868 1,562 5,85E-07 1,608 4,44E-07 
LRR AT1G51850 A_84_P21942 1,395 5,08E-08 1,118 1,60E-07 
CRK40 * AT4G04570 A_84_P22294 1,388 1,52E-07 1,228 3,00E-07 
RLP20 AT2G25440 A_84_P16401 1,291 2,89E-05 1,35 1,83E-05 
CRK5 * AT4G23130 A_84_P12886 1,264 2,34E-06 1,117 4,57E-06 
WAKL2 AT1G16130 A_84_P15224 1,227 3,78E-04 1,279 2,49E-04 
CRK37 * AT4G04500 A_84_P19456 1,211 2,61E-06 1,318 1,42E-06 
LRR AT4G13820 A_84_P145309 1,19 9,40E-06 1,309 4,41E-06 
CRK15 * AT4G23230 A_84_P312233 1,099 1,44E-06 0,967 2,97E-06 
LRR AT4G08850 A_84_P23248 1,054 1,36E-06 0,97 2,08E-06 
WAKL6 AT1G16110 A_84_P17200 1,047 9,03E-06 0,925 1,77E-05 
RLP24 AT2G33020 A_84_P22923 1,047 1,43E-04 1,219 4,54E-05 
RLP46 AT4G04220 A_84_P23239 1,035 1,65E-05 1,091 1,00E-05 
protein kinase AT2G33580 A_84_P13462 1,02 4,00E-04 1,125 1,85E-04 
LRR AT1G51820 A_84_P13200 1,009 3,08E-05 0,692 3,04E-04 
RLP38 AT3G23120 A_84_P15524 1,008 5,06E-07 1,082 3,10E-07 
              
Values are LOG2 ratios (NodC OE / WT). Genes coding for proteins belonging to the 
DUF26 family are indicated by an asterisk. 
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Table 4. Differential expression of chitinases upon (GlcNAc)n accumulation 
              
name AGI-code ProbeID pTGK42-10 p-value pTGK42-28  p-value 
              
chitinase AT4G01700 A_84_P18500 - - - - 
EP3-3 AT3G54420 A_84_P13726 0,906 1,19E-05 0,844 1,63E-05 
chitinase AT3G47540 A_84_P21261 -0,470 1,56E-04 - - 
CTL2 AT3G16920 A_84_P10794 - - - - 
HCHIB AT3G12500 A_84_P20293 - - 1,459 7,73E-04 
chitinase AT2G43620 A_84_P15331 2,813 4,11E-08 2,958 3,43E-08 
chitinase AT2G43610 A_84_P16277 2,044 1,05E-05 2,284 4,41E-06 
chitinase AT2G43600 A_84_P17223 - - - - 
chitinase AT2G43590 A_84_P19115 - - 1,317 4,89E-03 
chitinase AT2G43580 A_84_P20061 - - -1,553 7,32E-04 
chitinase AT2G43570 A_84_P21007 1,592 6,45E-08 1,835 3,48E-08 
chitinase AT1G56680 A_84_P14146 - - - - 
CTL1 AT1G05850 A_84_P19433 - - -0,299 2,47E-02 
chitinase AT1G02360 A_84_P18907 - - 1,008 4,96E-03 
              
              
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Chapter 5 
 
 
 
 
 
 
 
PIRIN2 and PIRIN4, novel regulators of lignin 
biosynthesis in Arabidopsis  
 
 
 
 
 
 
 
 
 
HT contributed to the work by preparing samples for metabolite profiling; 
quantification of lignin, saccharification analysis, and RT-qPCR.  
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Abstract 
Pirins belong to the functionally diverse cupin protein superfamily. In Arabidopsis 
thaliana the pirin family consists of four members. A concrete function of these genes 
was never described, but here we link two of these genes (PIRIN2 and PIRIN4) to 
lignification of the secondary cell wall. Interesting, both genes showed opposite 
effects on cell wall composition, with pirin2 mutants reducing and pirin4 increasing 
lignin levels in the plant. This was further supported by metabolite profiling revealing 
an increase in S-unit containing oligolignols in pirin2 mutants, whereas the 
concentrations of similar molecules were significant lower in pirin4 mutants. The 
shift in lignin composition changed the saccharification yield of the corresponding 
biomass. Here, pirin2 mutants released a lower amount of glucose compared to WT 
biomass when treated with a cocktail of cellulases whereas pirin4 released a higher 
amount of glucose. Interestingly, the shift in cell wall composition did not affect plant 
growth and development, providing potential for biomass engineering for optimal 
downstream processing. 
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Introduction 
 
Lignin is an important constituent of the secondary cell wall. Its hydrophobic and 
strengthening properties enable to transport nutrients and water over long distances 
within the plant while withstanding the negative pressure caused by transpiration 
(Weng et al. 2010; Yang et al. 2013). In addition, the strengthening of fiber cells by 
lignification allows vascular plants to grow tall and stand upright (Mitsuda et al. 2007; 
Zhong et al. 2007; Weng et al. 2010). On the other hand lignin has a negative effect 
on kraft pulping or during processing of biomass towards fermentation products. 
Therefore the reduction of lignin in the woody raw material has become an important 
target to reduce the overall biomass recalcitrance. Alternatively, performance in both 
pulping and bioprocessing can be improved by altering the composition rather than 
the concentration of lignin in the raw material. On the other hand, the high caloric 
value of lignin makes it an attractive source for energy production by combustion. 
Hence, generating plants with increased lignin content can be interesting for specific 
purposes. These different features have raised vast interest in lignin biology, 
especially since this knowledge is crucial to engineer both lignin content and 
composition in a controlled manner. Although today plants can be generated with 
reduced lignin content (mainly by altering expression levels of lignin biosynthetic 
genes) most of these lines are affected in their growth properties, resulting in reduced 
yield.  
Pirins are highly conserved in both eukaryotic and prokaryotic organisms. They are 
iron-containing members of the functionally diverse cupin superfamily. The first pirin 
protein was originally identified in humans through its physical association with the 
nuclear I/CCAAT box transcription factor NFI/CTF115 and with the B-cell 
lymphoma protein BCL-3, a regulator of NF-κB/Rel activity (Wendler et al. 1997). 
Since then, they are believed to function as transcriptional co-regulators (Warpeha et 
al. 2007). Besides, pirins are reported to possess quercetin 2,3-dioxygenase activity, 
suggesting their involvement in modulation of transcriptional responses to quercitin 
(Adams and Jia, 2005).  Another report describes pirins as calmodulin-binding 
proteins, which points to their involvement in Ca2+-mediated signaling networks 
(Reddy et al. 2002).  
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Furthermore, pirin homologs in tomato (le pirin) show high similarity to human pirins 
induced during programmed cell death (Orzeaz et al. 2001) and a pirin gene of 
Serratia marcescens regulates pyruvate catabolism (Soo et al. 2007).  
The Arabidopsis genome contains four pirin genes (AtPirin1-4) and these genes are 
generally considered to possess different functions (Hihara et al. 2004). Of these four 
genes, only AtPirin1 (PRN1) has been described in literature. A T-DNA insertion in 
AtPirin1 causes a decreased germination in the absence of stratification, an 
observation that lead to a model in which PRN1 is involved in blue light and abscisic 
acid responses (Lapik and Kaufman, 2003; Wharpega et al. 2007).  Recently, 
Wharpega et al. (2014) showed that PRN1 might play a critical role in cellular 
quercetin levels and influence light- or hormonal-directed early development.  
Here, we present data that link PIRIN 2 and PIRIN 4 to lignification. Based on our 
results we strongly believe these genes could help in developing a novel way to 
control both lignin content and composition without affecting plant growth. 
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Results 
The expression of PIRIN2 and PIRIN4 is correlated to those of genes involved in 
lignin biosynthesis.  
A systems biology approach has been used by Vanholme et al. (2012) in order to 
investigate the plant’s response to lignin perturbations. This approach has resulted in a 
deeper insight into how the lignin biosynthetic pathway is regulated, how it integrates 
with other biochemical pathways and processes, and how it copes with perturbations. 
Therefor, the wild type Columbia and two independent mutants (allelics) of 10 genes 
involved in developmental lignification in Arabidopsis were compared by 
transcriptomics and metabolomics. 
 The resulting exclusive database contains genes differentially expressed in response 
to the elimination of genes responsible for each step in the monolignol biosynthesis. 
The numbers of differential genes are between 16 and 4500, depending on the 
mutation. In order to obtain a short list containing top candidate genes involved in 
lignification and secondary cell wall formation, a thorough selection was carried out 
according to the following criteria:  
1. Genes of interest are differentially expressed in multiple mutants  
2. Their expression is affected in a similar way in certain groups of mutants (e.g. 
only in the mutants with reduced lignin levels, or only in those mutants with a specific 
altered lignin composition).  
3. Top hits are expressed in the stem tissue, preferentially in the vascular tissue. 
This can be analyzed in silico using Arabidopsis and poplar eFB Browser databases 
(Winter et al. 2007). 
4. Their expression correlates with that of other genes involved in secondary cell 
wall formation. This could also be verified by bioinformatics tools such as ATTEDII 
(Obayashi et al. 2007, 2009). 
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Re-evaluation of the in house dataset of differentially expressed genes upon lignin 
perturbation (Vanholme et al. 2012) based on the above-mentioned criteria showed 
that the expression level of two PIRIN (PRN) genes (At1g50590 and At2g43120) 
were negatively correlated with genes involved in lignin biosynthesis in several lignin 
mutants, but positively correlated with the expression levels of those genes during WT 
development (Fig. 1). Interestingly, the transcript abundance of both PIRIN2 and 
PIRIN4 appeared to be positively correlated with the amount of G-type oligolignols 
(Fig. 1).  
 
 
  
Figure 1. The expression of PIRIN2 and PIRIN4 in a set of lignin mutants (Vanholme et al. 2012a). 
Values are 2log (expression in mutant / expression in WT24 cm). A red background indicates a higher 
transcript/metabolite level in comparison with WT24 cm, and blue a lower. PAL2, C4H, 4CL2 and 
C3H1 are given as representative genes involved in lignification. G(8-O-4)G, G(8-O-4)G(8-O-4)G and 
G(8-O-4)G’(8-O-4)G are given as representative G-type oligolignols. 
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The expression pattern of both pirins drew our attention and therefore we decided to 
further investigate the role of these genes. First, an RT-qPCR was performed to 
confirm the reduced expression levels of PIRIN2 and PIRIN4 in the c4h, 4cl1, 
ccoaomt1 and ccr1 mutant background. The transcript level of PIRIN2 and 4 was 
quantified in three biological replicates (and three technical replicates for each 
biological) of each mutant line and WT. This RT-qPCR result shows reduction of 
PIRIN2 and PIRIN4 expression in lignin mutant lines compared to WT and thus 
confirmed the expression results as obtained by microarrays (Fig. 2)  
 
Figure 2. The expression of PIRIN2 (A) and PIRIN4 (B) in a set of lignin mutants as determined by 
RT-qPCR. Expression data for PIRINs is normalized to ACTIN (ACT2) expression, hereafter the data 
was normalized to the sample with the highest PIRIN/ACT ratio, resulting in a value of 1 for wt3 in 
panel A and wt2 in panel B.  
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The lignifying Arabidopsis cell suspension culture PSB-D is an excellent in vitro 
system to easily test novel genes if they would have a role in lignification (Pauwels et 
al. 2008). The principle of this system is the induction of lignification by hormone 
depletion. Lignifying PSB-D cell cultures can easily be monitored via phloroglucinol 
staining (Jensen 1962). Therefore,  RT-qPCR was used to follow the expression of 
PIRIN2 and PIRIN4 in lignifying cell cultures (Figure 3). Both pirin genes were 
upregulated in cell cultures that were induced for lignification, whereas no 
upregulation was detected when no induction was applied. In addition, both PIRIN2 
and PIRIN4 have a similar expression profile to genes involved in lignification (4CL1, 
PAL1, CCoAOMT1, COMT). These genes have a strong increase in expression 24h 
after induction, whereas the expression drops again after 48 and 71 hours which again 
suggests a role for PIRIN2 and PIRIN4 in lignification. 
 
 
 
Figure 3. The expression of PIRIN2 and PIRIN4 in lignifying cell cultures. A) Genes involved in 
lignification (4CL1, PAL1, CCoAOMT1, COMT) are strongly upregulated 24 hours after induction, 
thereafter they show a reduction B) and C) PIRIN2 and 4 are upregulated 24 hours after induction (red 
line, “lign”), thereafter they show a reduction. No upregulation was measured without induction (blue 
line, “unlig”). 
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To obtain additional insight in the putative function of these genes we used the eFB 
browser database to follow their expression pattern in plants and ATTEDII to find co-
regulated genes. Unfortunately, no probes corresponding to PIRIN2 were spotted on 
the ATH1 microarray that was used to build the different expression databases. Hence 
no in depth in silico expression analysis could be performed for PIRIN2. 
Nevertheless, the databases could be used to follow PIRIN4 expression. PIRIN4 is 
highly expressed in Arabidopsis stem and developing seeds. (Fig. 4).  ATTEDII 
suggested co-expression of PIRIN4 with different genes including those involved in 
lignin biosynthesis pathways (CCR2, MYB63), cell wall loosening (extensin and 
expansin), DNA binding proteins, kinases, proteins of unknown function 
(DUF)(Table 1).  
 
Figure 4. Expression profile of PIRIN4 in different parts of Arabidopsis.  
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 Table 1.  In silico co-expression analysis of PIRIN4. The top 20 genes that are highly co-expressed 
with PIRIN4 are listed. MR*; Mutual Rank   
  Locus* 
Alias* 
(short description) 
Function and Reference 
MR* 
(tissue) 
 
MR* 
(abiotic) 
 
MR* 
(biotic) 
 
MR* 
(horm
one) 
 
0 At1g50590 RmlC-like cupins RmlC-like cupins superfamily protein 0.0 0.0 0.0 0.0 
1 At3g55090 ABCG16 ABC-2 type transporter family protein 3192.4 671.3 11269.9 3789.5 
2 At1g79180 MYB63 myb domain protein 63 (lignin biosynthesis activator, Zhou et al. 2009) 920.9 6521.1 589.7 
5538.
2 
3 At1g80820 CCR2 cinnamoyl coA reductase (lignin biosynthesis, Zhou et al. 2010) 266.2 1574.6 7956.8 
6910.
2 
4 At4g17215 extensin 
Pollen Ole e 1 allergen and extensin family 
protein (cell wall loosening activity, Jiyang et al. 
2005) 
104.5 5554.1 14115.6 10270.1 
5 At2g28650 EXO70H8 exocyst subunit exo70 family protein H8 539.2 5063.7 3772.4 475.2 
6 At3g49690 RAX3 myb domain protein 84 4714.8 267.9 3178.9 2893.4 
7 At1g20823 RING RING/U-box superfamily protein (Ubiquitination, Zeng et al. 2008) 1260.2 311.4 2954.7 
9585.
2 
8 At2g01580   27.9 3382.1 6116.1 407.9 
9 At3g47210 DUF247 Plant protein of unknown function (DUF247) 2719.6 2001.0 4136.3 2966.0 
10 At1g29860 WRKY71 WRKY DNA-binding protein 71(seed dormancy germination; Rushton et al. 2010) 7656.9 414.3 2021.8 
2067.
0 
11 At1g66230 MYB20 myb domain protein 20 (Secondary cell wall formation; Zhong et al. 2008)  2241.8 1164.4 1100.6 
5542.
3 
12 At5g17350   556.7 117.2 3079.5 6755.4 
13 At2g01300   1247.9 99.3 3571.6 3353.4 
14 At5g11570 Major facilitator Major facilitator superfamily protein 4784.4 6923.7 5369.4 306.7 
15 At4g15120 VQ motif VQ motif-containing protein 4080.4 1455.9 14278.1 4385.3 
16 At5g35580 kinase Protein kinase superfamily protein 2002.5 770.6 15798.3 11068.4 
17 At5g59490 HAD Haloacid dehalogenase-like hydrolase (HAD) superfamily protein 4625.4 593.6 6512.2 
6049.
4 
18 At3g45960 EXPL3 expansin-like A3 950.1 310.9 822.9 6537.7 
19 At1g24430 transferase HXXXD-type acyl-transferase family protein 199.0 2688.4 4380.5 411.0 
20 At4g25434 NUDT10 nudix hydrolase homolog 10 1034.7 1609.8 4108.2 2112.2 
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Phenotype of pirin2, pirin 4mutants and PIRIN2 overexpression (PIRIN2 OE) lines  
T-DNA insertional homozygous mutants of PIRIN2, pirin2-1 and pirin2-2 (see Figure 
5) and homozygous single insert plants transformed with pPIRIN:PIRIN2 were 
analyzed. Prior to characterization of growth and cell wall properties, the selected T3 
plant lines were checked by RT-qPCR to ensure that the transgene was expressed 
(Figure 6). Since the Col-0 background T-DNA insertional mutants of PIRIN4 still 
had quite a lot of transcript, only the Ler-0  (Landsberg Erecta genetoype) background 
mutant of PIRIN4 (pirin4-4) was chosen for further study (see figure 7).  
 
 
 
Figure 5. Gene structure of Arabidopsis PIRIN2. Exons are represented by filled black boxes, introns 
by lines, untranslated regions by white filled boxes, and T-DNA insertions by triangles. 
 
 
 
  
 
 
 
 
 
Figure 6. Quantitative RT-PCR. Amplification of fragment C was performed to detect transcription of 
PRN2 in two knockout mutants, pirin2-1 and pirin2-2, and the overexpressing line PIRIN2OE6. 
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Figure 7.  Schematic representation of PIRIN4. Exons are represented by filled black boxes, introns by 
lines, and T-DNA insertions by triangles. Transcriptional level of PIRIN4 was detected by 
amplification of three fragments: A (full length transcript), B and C.  
 
For phenotypic characterization, 12 biological replicates of pirin2-1, pirin2-2, pirin4-
4 and PIRIN2 OE lines were grown alongside the corresponding WT. After eight 
weeks of short day conditions that allowed development of a rosette but suppressed 
inflorescence stem development, plants were moved to long day conditions. No 
obvious effect could be observed on the development of the inflorescence of the 
pirin2 mutants and the PIRIN2 OE line (Figure 8). Furthermore, pirin4-4 mutant lines, 
which were grown alongside Ler-0 (Landsberg erecta wild type) didn’t show any 
phenotypical differences (data not shown here).  
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Figure 8. Phenotype of fully developed pirin2-2, PIRIN2 OE and WT Col-0 plants.  
 
 
 
Phenolic profiling of pirin2, pirin4 and PIRIN2 OE lines 
 
Based on the transcriptome studies, both PIRIN2 and PIRIN4 were linked to lignin 
biosynthesis. Hence, a shift in the phenolic precursors of lignin (the oligolignols) was 
anticipated in the respective mutants and overexpression lines. We therefore subjected 
the methanol-soluble phenolics of pirin mutants and overexpression lines to a detailed 
study via UHPLC-MS, a method that is called phenolic profiling (Vanholme et al. 
2012a). First, the phenolics in hypocotyls of pirin2-2 mutant were investigated. A 
targeted analysis of the oligolignols in three pools of three hypocotyls each showed 
that S-unit containing oligolignols were increased in pirin2-2 as compared to WT 
(Fig. 9). 
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Figure 9. UHPLC-MS analysis of pirin2-2 mutant hypocotyls. Single m/z traces are shown for 
representative S-unit containing oligolignols. The S-unit containing oligolignols were increased in the 
hypocotyls of pirin2 mutants, as compared to WT. Three samples (of three pooled hypocotyls each) 
were analyzed for both of the lines (i.e. WT and pirin2-2). 
 
Given the positive results of the methanol-soluble phenolics in the hypocotyls of 
pirin2-2 mutants, we further investigated methanol-soluble phenolics of inflorescence 
stems. Therefore, inflorescence stems were harvested at a height of about 24 cm (this 
is the same developmental stage that was successfully used for lignin mutants in a 
previous study Vanholme et al., 2012). Unfortunately, we were not able to detect any 
significant differences between the phenolic composition of WT and the pirin2-2 
mutants (data not shown). As this result came quite surprising given the positive 
results in hypocotyls, the absence of phenolic differences in the pirin2-2 mutant stems 
was further investigated.  
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One of the hypotheses is that PIRINs are not fully functional (or redundant) in the 
stems of about 24 cm in height, but that their function might become important for 
plants later in development. We therefore started an additional experiment where 
pirin2-2 stems at different developmental stages were compared with WT. For this, 
stems of 30, 34 and 44 cm in height were used. Interestingly, targeted search for 
oligolignols did not result in any significant oligolignol at the 30 and 34 cm stages, 
but oligolignols were significantly increased at the 44cm stage [cut-of parameters: 
sign ttest (>0.01) and fold-change >2 or <0.5] compared to WT (figure 10). The 
absence of differences in phenolics in younger stadia confirmed the data of the 
previous experiment with stems of 24 cm in height. Furthermore, the fact that a 
phenolic phenotype is only observed in a later developmental stage, hints that PIRIN2 
has a role at this stage.  
As we found a developmental stage of the pirin2-2 inflorescence stem in which the 
absence of PIRIN2 led to a biochemical phenotype, we compared the methanol-
soluble phenolics of pirin2-1, pirin2-2 and PIRIN2 OE at this stage (Figure 11). A 
significant increase in S-unit containing oligolignols was observed in pirin2 mutants. 
A tendency for accumulation of oligolignols that are composed of G-units only is 
observed, but this tendency was in general not significant. Since, total lignin detected 
by acetylbromide method is positively correlated (R2=0.80) with the amounts of 
oligolignols (Vanholme et al., 2012), we expected more lignin in pirin2 mutants. The 
results here support the findings of 1) an increased S/G ratio in the lignin of the pirin2 
mutants, and 2) an increase in total lignin in the pirin2 mutants, as compared to WT 
(fig. 11A). No obvious shifts in phenolics of PIRIN2 OE lines were observed.  
Since pirin4-4 is a different ecotype (Ler-0) that does not grow longer than around 30 
cm, we selected 30 cm height for this mutant. In addition, several S-unit containing 
oligolignols were significantly reduced in the pirin4 mutant, whereas oligolignols that 
contained G-units only were not significantly different. These observations indicate a 
decreased S/G ratio in the lignin of the pirin4 mutants (Fig.11B). 
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Figure 10. Phenolic profiling of 30, 34 and 44 cm tall stems. No significant differences in 
accumulating compounds were measured in the 30 and 34 cm tall stems (data not shown here). In 
contrast, in 44 cm tall stems, 38 compounds were higher in pirin2, of which 24 could be assigned as 
putative oligolignols. Criteria: sign ttest (>0.01) and pirin2-2/WT fold-change >2. 
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Figure 11. Targeted search for oligolignols in longer inflorescence stems (44 cm in height or 38 cm for 
Ler and the pirin4 mutant). A significant increase in S-unit containing oligolignols was observed in 
pirin2 mutants, whereas a significant decrease was observed for this type of oligolignols in pirin4 
mutants. Results normalized to their respective WT with the average in the first column and standard 
error in the second. Significant increases are indicated in bold values, significant decreases are 
underlined. 
 
 
Lignin analysis  
To further investigate the consequences of altering the expression of PIRINs, lignin 
analysis was performed for each of the above-mentioned lines. First, the fraction of 
the dry weight that is made up by extractive-free cell wall residue (CWR) was 
determined. However, no significant differences in CWR were measured for the 
pirin2 and pirin4 mutants and neither for the PIRIN2 OE line, as compared to WT 
(data not shown). Next, the fraction of acetylbromide-released lignin from the CWR 
was determined. For pirin2-1 and pirin2-2 mutants, the lignin amount increased by 
18% and 43%, respectively, as compared to WT (Figure 12A). On the other hand, the 
lignin decreased by 8% and 27% for PIRIN2 OE and pirin4-1, respectively, as 
compared to their corresponding WT control (Figure 12B). In addition, thioacidolysis 
showed that the lignin of the pirin2-2 mutant was relatively enriched in S units (Table 
2) confirming the phenolic profiling results.  
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Figure 12. Lignin amount as determined by the acetylbromide method. Error bars represent the 
standard errors. 0.05>p>0.01, ** 0.01>p>0.001. 
 
 
 
 
Table 2. Lignin composition as determined by the thioacydolysis method. 
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Saccharification analysis 
Since lignin is the major factor limiting saccharification of lignocellulosic biomass 
and since the lignin amount is altered in pirin2 and pirin4 mutants and in the PIRIN2 
OE line, we investigated whether these lines also had an altered saccharification yield. 
Therefore, cell wall residue was treated with a mix of cellulases and cellobiases and 
the released glucose was measured over a period of two to three days (Van Acker et 
al. 2013). In agreement with the negative correlation of lignin amount and 
saccharification, a significant reduction of saccharification yield was measured in 
pirin2 mutants (both with acid treatment and without pretreatment) and a significant 
increase of saccharification yield in pirin4 mutants and PIRIN2 OE as compared to 
wild-type plants (Figure 13).  
 
 
Figure 13. A) pirin2-2 without pretreatment B) pirin2-2 with acid pretreatment C) PIRIN2 OE without 
pretreatment and D) pirin4-4 without pretreatment, each time compared to wild type. 
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Identification of PIRIN2 and PIRIN4 interaction partners: Tap-TAG.  
To investigate possible interacting proteins of PIRIN2 and PIRIN4, both of them were 
used as baits in tandem affinity purification (TAP) experiments (Figure 14). Both 
PIRINs were once N- and once C-terminally tagged with the protein G-Streptavidin 
(GS) tag (Bürckstümmer et al. 2006), which resulted in four different TAP-constructs. 
These constructs were expressed in Arabidopsis cell suspension cultures (Van Leene 
et al. 2007). TAP tagging was performed in cells grown under conditions that induced 
differentiation to tracheary elements and secondary wall deposition, which also 
enhances expression of genes involved in lignification (Oda et al. 2005, Figure 3). 
The 24 hours time point after induction was used as these conditions had a relative 
high expression of both PIRIN2 and PIRIN4 (Figure 3). Using the C-terminally 
Tagged PIRIN2 as bait, KAB1 was co-purified in the two independent biological 
replicates. On the other hand both MPPBETA and Cytochrome bd ubiquinal oxidase 
were co-purified once. No interactors were co-purified when the N-terminal Tag was 
used for PIRIN2. In the case of PIRIN4, a protein kinase was co-purified in all four 
independent replicates (N-terminal and C-terminal fusion, two replicates each). In 
addition, the N-terminal TAP of PIRIN resulted in a alpha/beta hydrolase protein, and 
PLDPT phospholipase that were found twice and LPD1 that was found in one of the 
replicates. 
 
Template matching analysis 
We searched for genes that are co-expressed with PIRIN2 and PIRIN4 in our in-house 
dataset of lignin mutants (pal1, pal2, c4h, 4cl1, 4cl2, ccoaomt1, ccr1, f5h1, comt and 
cad6) and wild type developmental series (8cm, 16cm, 24cm and 32cm). Therefore 
we used ‘template matching’. In this type of data-analysis, the expression profile of 
the PIRIN2 is used as ‘bait’. Highly similar (positive correlation) expression profiles 
is given. Since the expression profiles of both PIRINs are very similar, the generated 
lists are partially redundant.!In the table 3 co-expressed genes are listed based on their 
r-value (correlation coefficient). The cut-off was set on 0.7 (for positive correlation) 
R-values up to 0.8 might be considered as more ‘robust’. 
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Figure 14. Interactors of PIRIN2 and PIRIN4 detected by TAP-Tagging. 
 
 
 
 
Figure 15. Expression of PIRIN2 and PIRIN4 and their interactors identified by TAP-Tag (see figure 
14) in inflorescence stems of lignin mutants and during wild-type development. Expression data from 
Vanholme et al. (2012). 
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Table 3. Template matching analysis of PIRIN2 
AGI name r-value p-
value 
At2g43120 pirin, putative similar to SP|O00625 Pirin {Homo sapiens}; contains Pfam profile PF02678: 
Pirin [At2g43120.1] 
1 0.0 
At3g25710 basic helix-loop-helix (bHLH) family protein contains Pfam profile: PF00010 helix-loop-helix 
DNA-binding domain [At3g25710.1] 
0,9200
28 
0,0052
97542 
At1g50590 pirin, putative similar to SP|O00625 Pirin {Homo sapiens}; contains Pfam profile PF02678: 
Pirin [At1g50590.1] 
0,9171
2344 
7,6048
5E-05 
At1g02460 glycoside hydrolase family 28 protein / polygalacturonase (pectinase) family protein similar to 
polygalacturonase PG1 GI:5669846, PG2 GI:5669848 from (Glycine max); contains PF00295: 
Glycosyl hydrolases family 28 (polygalacturonases) [At1g02460.1] 
0,8647
2666 
1,0275
439 
At1g03170 expressed protein  [At1g03170.1] 0,8617
0435 
1,2779
647 
At4g40070 expressed protein  [At4g40070.1] 0,8577
05 
1,6924
342 
At1g48750 protease inhibitor/seed storage/lipid transfer protein (LTP) family protein similar to TED4 
[Zinnia elegans] GI:493721; contains Pfam protease inhibitor/seed storage/LTP family domain 
PF00234 [At1g48750.1] 
0,8405
794 
0,5155
609 
At3g22620 protease inhibitor/seed storage/lipid transfer protein (LTP) family protein similar to pEARLI 1 
(Accession No. L43080): an Arabidopsis member of a conserved gene family (PGF95-099), 
Plant Physiol. 109 (4), 1497 (1995); contains Pfam protease. 
0,8335
46 
7,8509
936 
At3g13980 expressed protein  [At3g13980.1] 0,8163
53 
20,332
604 
At5g47800 phototropic-responsive NPH3 family protein contains NPH3 family domain, Pfam:PF03000 
[At5g47800.1] 
0,8099
3015 
28,302
054 
At3g04860 expressed protein  [At3g04860.1] 0,8092
998 
2,9216
24 
At4g25420 gibberellin 20-oxidase identical to GI:1109695 [At4g25420.1] 0,8056
923 
34,969
275 
At2g40130 heat shock protein-related contains similarity to 101 kDa heat shock protein; HSP101 [Triticum 
aestivum] gi|11561808|gb|AAC83689 [At2g40130.1] 
0,8049
612 
36,250
337 
At1g66830 leucine-rich repeat transmembrane protein kinase, putative contains Pfam profiles: PF00069: 
Eukaryotic protein kinase domain, multiple PF00560: Leucine Rich Repeat [At1g66830.1] 
0,8043
9353 
37,273
478 
At5g17700 MATE efflux family protein similar to ripening regulated protein DDTFR18 [Lycopersicon 
esculentum] GI:12231296; contains Pfam profile PF01554: Uncharacterized membrane protein 
family [At5g17700.1] 
0,8026
781 
40,522
223 
At5g11930 glutaredoxin family protein contains INTERPRO Domain IPR002109, Glutaredoxin 
(thioltransferase) [At5g11930.1] 
0,8022
071 
4,1456
93 
At3g13310 DNAJ heat shock N-terminal domain-containing protein similar to J11 protein [Arabidopsis 
thaliana] GI:9843641; contains Pfam profile: PF00226 DnaJ domain [At3g13310.1] 
0,8010
435 
4,3848
35 
At5g10280 myb family transcription factor (MYB92) contains PFAM profile myb DNA binding domain 
PF00249; identical to cDNA putative transcription factor (MYB92) GI:3941523 [At5g10280.1] 
0,7963
9226 
54,671
254 
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Discussion 
Our data show that lignification in Arabidopsis can be influenced by altering PIRIN 
expression. Plants with higher expression of PIRIN2 or lower expression of PIRIN4 
resulted in plants with reduced lignin levels. In addition, these plants have improved 
saccharification abilities. In contrast, lowering expression of PIRIN2 (in the pirin2 
mutants) led to higher lignin amounts, lignin with higher S/G ratio and a biomass 
more recalcitrant against saccharification. However, as the shift in S/G ratio can come 
with a change in overall lignin content, making conclusions is difficult (Vanholme et 
al. 2008; Stewart et al. 2009). Previously both increase (Li et al. 2010) and decrease 
(Fu et al. 2011) in S/G ratio have been connected with improved saccharification 
yield, whereas still other studies revealed no correlation between the lignin 
composition and saccharification yield (Chen and Dixon 2007; Mansfield et al. 2012). 
In our study, plants with an increase in S/G ratio didn’t show any saccharification 
yield improvement; even applying acid pretreatment didn’t change the results. It is 
likely that high lignin content reduces saccharification yield.  On the other hand, these 
plants with higher lignin amounts might have an increased caloric value, which is of 
interest when wood or other lignocellulosic materials are combusted to produce heat. 
In addition, higher lignin amounts might also beneficial for other industrial processes 
(e.g. torrefaction and pyrolysis). Furthermore, Van Acker et al. (2013) claimed that 
lignin reduction is compensated by an increase of matrix polysaccharides such as 
arabinose and galactose. Therefore, monosaccharide composition analysis of pirin2 
and pirin4 mutants will help us to get more information about the cell wall alteration 
of these lines. Similar to Van Acker et al. (2013) changes of arabinose and galactose 
polysaccharides content in pirin mutants’ cell wall is expected.    
From a biological point of view, it appeared that lignifying cells of pirin2 mutants 
might live longer. This hypothesis would indeed explain that they have more time to 
lignify (resulting in higher amounts of lignin) and a lignin that is more enriched in 
S/G (as S lignin is made later in development of the lignifying cell). Using the same 
rational, lignifying cells of pirin4 mutants and PIRIN2 OE lines would die earlier than 
in WT. Furthermore, homologs of pirin are highly conserved in both eukaryotic and 
prokaryotic organisms. Arabidopsis has four pirin genes with high sequence 
similarity. Co-expression data analysis (Template Match) revealed that PIRIN2 and 
PIRIN4 are highly co-expressed compared to the other pirins of the small gene family 
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(Table 3). !In addition, both PIRIN2 and PIRIN4 are upregulated upon infection with 
Agrobacterium tumefaciens (Ditt et al. 2006) and upon gamma-irradiation (Nagata et 
al. 2005). This high level of co-regulation indicates that both Pirins might be involved 
in the same metabolic pathway. 
Making hypothesizes about the in planta function of PIRIN2 is difficult since there is 
no corresponding PIRIN2 probe spotted on the ATH1 microarray. Hence, no 
information is available on the expression of this gene in the extensive Arabidopsis 
transcriptome databases. However, TAP-TAG results might give a clue about the 
function of this gene. The expression profile of potassium channel beta subunit KAB1 
that is highly expressed in Arabidopsis stems was positively correlated with the 
expression of PIRIN2 in Arabidopsis mutants and during WT stem development (Fig. 
12). Demidchik et al. (2014) proposed that K (+) efflux in plant cell is usually 
accompanied by accumulation of reactive oxygen species (ROS) and often results in 
programmed cell death (PCD).  Inactivation of one of the players involved in this 
pathway might delay programmed cell death, and hence explain the accumulation of 
lignin (preferentially S type) and longer life span. Moreover, the common properties 
of all interaction partner of PIRIN2 are being membrane-bounded proteins. It is likely 
that these membrane-bound proteins integrate multiple signaling pathways (Hajduch 
et al. 2010; Maathuis, 2006; Gruissem et al.2002; Fang et al. 1998; Tan et al. 2009; 
Zsigmond et al. 2008; Wang et al. 2008; Kim et al. 2007; Ascencio-Ibanez et al. 2008; 
Bechtold et al. 2008) and therefore might interact with numerous effector and 
regulatory proteins.  
 For PIRIN4 our data is more fragmentary. First of all, although PIRIN4 has a similar 
expression profile as PIRIN2 in lignin mutants, however, the pirin4 mutant improved 
saccharification yield and reduced lignin content in contrast to the pirin2 mutants. 
This could be explained as co-expressed PIRIN2 and PIRIN4 might act 
antagonistically. Secondly, protein kinase family proteins have been fished out in both 
co-expression and TAP-tag data.  The protein kinases are known as one of the largest 
gene families in Arabidopsis and also one of the most important regulatory 
mechanisms known to control protein activity and cellular signaling (Chavalier and 
Walker 2004). This indicates a clear link between PIRIN4 and kinases. However more 
experimental data are required to prove this interaction and support this hypothesis.  
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Besides, co-expression of different lignin biosynthesis and cell wall related genes with 
PIRIN4 is suggesting a function of this gene in lignification (Table 1). Since we have 
only one mutant allele of PIRIN4 it is difficult to prove and identify its gene function. 
However, recently we have received a good second allelic mutant of PIRIN4, and thus 
the experiments should be repeated. We can conclude that co-expressed PIRIN2 and 
PIRIN4 act antagonistically and might be primarily involved in programmed cell 
death, and the effect on lignin could be an indirect effect 
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Material and methods 
Plant Material 
Cloning and plant transformation 
Full length cDNA of AtPRN2, a 2308bp fragment 5 prime of the AtPRN2 coding 
sequence, and a 3838bp fragment of the AtPRN2 genomic sequence including 
promoter and coding regions were amplified and cloned into pDONR207 vector by 
BP Clonase II (Invitrogen) to make entry clone pENTR207AtPRN2, Then 
pENTR207AtPRN2 was recombined into pK2GW7 destination vector (Karimi et al. 
2002).!Expression of the gene was controlled by the cauliflower mosaic virus 35S 
promoter. The resulting T-DNA vector was introduced into the Agrobacterium strain 
C58ClRIF (pEHA101) (Hood et al. 1986) which were used to transform Arabidopsis 
thaliana by means of the floral dip method (Clough and Bent, 1998). Homozygous 
single insert mutants were selected on 0.5xMS medium containing phosphinothricin. 
Plant Growth  
Wild type, mutants and over-expressing lines were grown in 9-h light/15-h dark, 22 
°C for eight weeks, followed by 16-h light/8-h dark, 22 °C to allow the development 
of a single tall inflorescent stem. Sixteen biological replicates of each homozygous 
mutant and 24 biological replicates for the wild type were grown simultaneously in a 
random block design, spread over different trays, in the same environment. The 
mutant alleles were grown and wild-type plants were harvested when the 
inflorescence stem reached 24, 30, 34, or 44 cm.!The green stems of the wild types 
and mutants with different heights were cut just above the rosette, immediately frozen 
in liquid nitrogen, stored at -80oC and used for phenolic profiling. Besides, plants 
were grown as described above. The mutant alleles and wild type were grown until 
senescence, and then were harvested for cell wall analysis. 
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Arabidopsis cell suspension culture 
Stable transformation of A. thaliana cell suspension cultures (ecotype Landsberg 
erecta (PSB-D)) without callus selection and culture maintenance was performed as 
described (Van Leene et al. 2007). For upscaling and elicitation, cells were 
subcultured in 50 ml of fresh medium without antibiotics at a 1:10 dilution and grown 
under standard conditions. After 1 week, cells were washed 3 times with 200 ml of 
adapted MSMO medium (4.43 g/liter MSMO (Sigma-Aldrich, Steinheim, Germany), 
30 g/liter sucrose, 520 mg/liter KH2PO4 , pH 5.7, adjusted with 1 M KOH) without 
hormones. Washed cells were subsequently transferred to a 1liter shaker flask, diluted 
in 400 ml of the same medium used for washing and incubated for 40 hours at 
standard conditions. 2 ml washed cell culture were pipetted into a 2 ml tube, 
supernatant was removed after a short spin at 13000 rpm and then total RNA was 
prepared. 
RT-qPCR analysis:  
Total RNA was prepared using the RNeasy® Plant Mini Kit (Qiagen) and treated with 
RQ1 RNase-Free Dnase (Promega) to remove traces of genomic DNA. Subsequent 
cDNA preparation was done using the iScript™ cDNA Synthesis Kit (Bio-Rad). 
Relative expression levels were determined with the LightCycler 480 Real-Time 
SYBR green PCR System (Roche). ACTIN (At3g18780) was used as reference genes. 
Phenolic Profiling  
Harvested inflorescence stems were ground in a 2-mL Eppendorf tube with a 4-mm 
iron bead with a Retch ball mill. Metabolites were extracted by 1 mL methanol in a 
thermomixer (70 °C, 1000 rpm shaking, 15 min). After centrifugation, 800 µL of the 
liquid phase was lyophilised in a speedvac, 100 µL cyclohexane and 100 µL water 
was added to dissolve the pellet. The tubes were vortexed and centrifuged (14,000 
rpm, 10 min). 15 µL of the aqueous phase was injected on a Waters Acquity UPLC® 
system equipped with a BEH C18 column (2.1 x 150 mm, 1.7 µM), coupled to a 
Synapt Q-Tof (Waters Corporation, Milford, Massachusetts, USA). Two buffers were 
used: buffer A (99/1/0.1, H2O/ACN/formic acid, pH3), buffer B (99/1/0.1, 
ACN/H2O/formic acid, pH3); 95% A for 0.1 min decreased to 50% A in 30 min (350 
µL/min). Column temperature was set on 40 °C. The flow was diverted to the mass 
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spectrometer equipped with an electrospray ionisation source and lockspray interface. 
The MS source parameters were: capillary voltage, 1.5 kV; sampling cone, 40 V; 
extraction cone, 4 V; source temperature, 120 °C; desolvation temperature, 350 °C; 
cone gas flow, 50 L/h; and desolvation gas flow, 550 L/h. The collision energy for the 
trap was 6 V and the collision energy for the transfer cells was 4 V. The dynamic 
range enhancement mode was activated. Full-scan data were recorded in negative 
centroid V-mode; the mass range between m/z 100 and 1,000, (0.2 s/scan), with 
Masslynx® software (Waters). Leucin-enkephalin (400 pg/µL solubilised in 
water/ACN 1:1 (vol:vol), with 0.1% formic acid) was used for the lock mass 
calibration, with scanning every 10 s with a scan time of 0.5 s. From the resulting 
chromatograms,  peaks were integrated and aligned via Masslinx® software (Waters). 
Thioacidolysis procedure 
5 mg stem pieces were used to get a purified cell wall residue (CWR). The extractions 
were performed by applying water, chlorofom, ethanol and acetone for 30 min  in 2 
ml vials. For each, near boiling temperatures were used: water (98°C), ethanol (76°C), 
chloroform (59°C), and acetone (54°C). The remaining CWR was dried under 
vacuum (Savant SpeedVac). 1 ml reaction mixture which includes 2.5% boron 
trifluoride etherate with 10% ethanethiol in dioxane (v/v) was added to the cell wall 
residue and incubated in a waterbath of 98 degrees for 4 hours. Internal standard 
(5 mg ml−1 tetracosane in methylene chloride, 0.2 ml) was then added to each vial 
with enough 0.4 m sodium bicarbonate to bring the reaction pH to between 3 and 4 
(!0.3 ml, as determined by pH indicator paper). To extract the reaction products from 
the aqueous mixture, 2 ml of water and 1 ml of methylene chloride were added to 
each vial, which was then recapped, vortexed, and allowed to settle, phase-separating 
the upper (aqueous) and lower (organic, and containing lignin breakdown products) 
phases. An aliquot (1.5 ml) of the organic phase was removed by autopipette, and 
simultaneously cleared of residual water and filtered by passing through a Pasteur 
pipette packed with a small tissue-paper plug and an inch (!50 mg) of granular 
anhydrous sodium sulfate, and transferred directly into a 2-ml polypropylene 
microfuge tube. Samples were then collectively evaporated to dryness in an vacuum 
(approximately 1.5 h at 45°C), and resuspended in 1 ml of methylene chloride. 
Samples were derivatized by combining 20 µl of resuspended sample with 20 µl of 
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pyridine and 100 µl of N,O-bis(trimethylsilyl) acetamide (Sigma). After incubation 
for at least 2 h at 25°C, 750 rpm, 100 µl of this reaction product was analyzed by GC.  
 
 
Gas chromatography 
Gas chromatography was conducted on a Hewlett Packard 5890 series II instrument, 
fitted with an autosampler, splitless injector, flame ionization detector (FID), and a 
30-m RTX5ms 0.25-mm internal diameter capillary column. One-microliter injections 
were separated using helium as a carrier gas at 1 ml min−1. Inlet and detector 
temperatures were set to 250°C, while the oven profile consisted of: initial 
temperature 130°C, hold 3 min, ramp temperature 3°C min−1 for 40 min to give a final 
temperature of 250°C, hold 5 min, cool. Peak identification was consistent with that in 
Rolando et al. (1992). 
TAP-tag 
Tap-tag was performed as in Bassard et al. (2012). Cloning of transgenes encoding tag 
fusions under control of the cauliflower mosaic virus 35S promoter and 
transformation of Arabidopsis thaliana cell suspension cultures were performed as 
previously described (Van Leene et al. 2007). To scale up production, cells were 
subcultured in 50 mL of fresh medium without antibiotics at a 1:10 dilution and 
grown under standard conditions. After 1 week, cells were either harvested (non-
induced condition) or washed three times with 200 mL of adapted MSMO medium 
(4.43 g/L MSMO [Sigma-Aldrich], 30 g/L Sucrose, and 520 mg/L KH2PO4, pH 5.7) 
without hormones (induced condition). Washed cells were subsequently transferred to 
a one-liter shaker flask, diluted in 400 mL of the same medium used for washing, and 
incubated for 40 h at standard conditions. TAP of protein complexes was performed 
using the GS tag (Bürckstümmer et al. 2006) with the following protocol 
modifications. For all protein extractions prior to the affinity purification steps, the 
detergent Nonidet P-40 was replaced by digitonin (high purity; Calbiochem, Merck). 
Crude protein extracts were prepared in extraction buffer without detergent. After the 
mixing step, digitonin was added to a final concentration of 1% (w/v) and extracts 
were incubated for 1 h at 4°C under gentle rotation. A soluble protein fraction was 
obtained by centrifugation at 36,900g for two times 20 min at 4°C. In all further steps, 
the detergent 0.1% (v/v) Nonidet P-40 was replaced by 0.2% (w/v) digitonin.  
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Protein precipitation and separation were done according to Van Leene et al. (2008). 
For the protocols of proteolysis and peptide isolation, acquisition of mass spectra by a 
4800 Proteomics Analyzer (Applied Biosystems), and mass spectrometry–based 
protein homology identification based on The Arabidopsis Information Resource 
genomic database, we refer to Van Leene et al. (2010). Experimental background 
proteins were subtracted based on !40 TAP experiments on wild-type cultures and 
cultures expressing TAP-tagged mock proteins β-glucuronidase, RFP, and GFP (Van 
Leene et al. 2010). 
CWR, Acetylbromide and Saccharification 
Cell wall experiments were performed as in Van Acker et al. (2013) and are described 
in the second chapter. 
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Classical breeding techniques have been used to improve crops since the dawn of 
agriculture. Although being tough and slow, traditional breeding boosted yield and 
quality of food and fiber crops. In contrast to classical breeding, recombinant DNA 
technology made it possible to incorporate specific traits (insect resistance, drought 
tolerance, nutritional enhancement, frost-hardiness, ripening delay) in plants in a short 
time period (Caplan et al. 1983; Daniell et al. 2005; Fraley et al. 1983; Kusnadi et al. 
1997; Lessard et al. 2002). One of the well-known examples of recombinant DNA 
technology in plant biotechnology is expression of cell wall modifying proteins in 
plants to improve lignocellulosic biomass conversion into biofuels (see chapter 1, 
table 1). 
Limited petroleum resources in combination with increasing energy demands are 
pointing out the necessity of developing technologies that generate sustainable, 
renewable, cost-effective and viable fuels. Bioethanol production from lignocellulosic 
biomass is key to the enablement of these objectives. Bioethanol can be either mixed 
with gasoline or used as a sole fuel using dedicated engines; moreover, it has a higher 
heat of vaporization and a higher octane number compared to gasoline (Hahn 
Hagerdal et al. 2006). However, in order to make its production economically 
attractive, it is necessary to improve biomass yields as well as the conversion 
efficiency of the lignocellulosic plant material into bioethanol. One of the major 
problems during bioethanol production from biomass is the low accessibility of 
cellulose because of the rigid association of cellulose with lignin, hemicellulose and 
pectin in the cell wall (Gupta et al. 2010). These complex interactions cause 
difficulties during the conversion process. Breaking down this network in order to 
make cellulose more accessible to enzymatic hydrolysis is the main aim of 
pretreatments. Besides being costly, most pretreatments produce inhibitors that reduce 
fermentation efficiency (Taherzadeh and Keikhosro 2008; Sousa et al. 2009).  Entire 
pretreatment steps are consuming up to 15-20% of the total expenditure in bio-ethanol 
production (Vanholme et al. 2013).  
Feedstock that does not require any pretreatment might certainly reduce the cost of 
bioethanol production from biomass. To improve lignocellulosic biomass properties 
for downstream processing several strategies have been investigated.  
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Poplar strategies are focusing on the modification of the lignin (reduce lignin/alter 
lignin composition) or the modification of the cell wall polysaccharide content or 
compositions (Chapple et al. 2007; Karp and Shield 2008; Gressel 2008; Sticklen 
2008; Yuan et al. 2008; Jakob et al. 2009; Abramson et al. 2010; Jung et al. 2012; 
Vanholme et al. 2013). During this PhD work, different cell wall modification 
strategies were tested in order to alter cell wall recalcitrance. The use of cell wall 
degrading enzymes to obtain such optimized biomass was the main focus of this PhD 
study.   
Lignin is the major factor which determining cell wall recalcitrance 
Lignocellulosic biomass, the main source for bioethanol production, refers to cheap 
and abundant plant biomass. The main constituents of this biomass are lignin and 
polysaccharides. Lignin is described as a heterogenic polymer which is the main 
factor involved in cell wall recalcitrance, hence reducing lignin content became a 
potential strategy to improve the saccharification yield (Chen and Dixon 2007). Since 
the lignin biosynthesis pathway is well described and identified, the metabolic 
pathway can be engineered to alter lignin content. However, reduction in lignin 
content could have a dramatic effect on plant growth and development due to the loss 
of mechanical strength and preventing the transport of water or essential metabolites 
(Bonawitz and Chapple 2012). In our study, which is described in Chapter 5, In 
Arabidopsis PIRIN2 overexpressing and PIRIN4 downregulation, altered lignin 
composition without causing any dramatic effect on plant growth and development. 
Although, in silico co-expression analysis revealed PIRIN2 and PIRIN4 are highly co-
expressed (chapter 5, table 3), the genes have antagonist effects on lignification. For 
instance, metabolite profiling revealed an increase in S-unit containing oligolignols in 
pirin2 mutants, whereas a significant decrease of this type of oligolignols was 
detected in pirin4 mutants. Similarly, compared to WT, the lignin amount increased in 
pirin2 mutants whereas the lignin decreased in the pirin4mutant. We also measured a 
significant reduction in saccharification yield in pirin2 mutants and a significant 
increase in saccharification yield in pirin4 as compared to wild-type plants. These 
results confirm the previously described correlation that exists between lignin amount 
and saccharification yield (Van Acker et al. 2013). Differences in lignin content of 
pirin2 and pirin4 mutants might be used for different purposes.  
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For example, the pirin2 mutant with higher lignin amounts might have an increased 
calorific value, releasing more energy compared to polysaccharides when burned, 
which is of interest when wood or other lignocellulosic materials are combusted to 
produce heat. In addition, higher lignin amounts might also beneficial for other 
industrial processes (e.g. torrefaction and pyrolysis). Generating pirin2 downregulated 
bioenergy crops to produce energy by burning might be valuable. On the other hand, 
as described by Van Acker et al. (2013) CCR-downregulated poplar trees with 
improved saccharification yield, produced less biomass per hectare than wild type. If 
this yield penalty is taken into account, the transgenic lines have no improved 
saccharification yield.  Therefore, downregulating the pirin4 orthologe in a bio-energy 
crop such as mais might increase saccharification yield without causing a yield 
penalty. We can conclude that manipulating of PIRIN2 and PIRIN4 expression level 
may be a successful strategy for bioethanol production.  
Hemicelluloses and pectins are also important players that affect cell wall 
recalcitrance  
Despite many excellent studies showing lignin content as the major factor affecting 
cellulose accessibility, there is growing evidence that the matrix polysaccharide 
content and composition might influence cell wall recalcitrance (Studer et al. 2011; 
Obro et al. 2011; Van Acker et al. 2013; Petersen et al. 2013). For instance, 
bioengineered Arabidopsis thaliana with reduced xylan content in their secondary 
walls have the potential to render plant biomass a more desirable feedstock for biofuel 
production (Petersen et al. 2013), Besides, reduction of de-methyl-esterified 
homogalacturonan (HGA) in Arabidopsis plants by heterologous expression of a 
fungal polygalacturonase increased the efficiency of enzymatic saccharification 
(Lionetti el al. 2009). These recent studies indicate that manipulating the 
hemicellulose and pectin content/composition of the lignocellulosic biomass is a 
promising strategy to increase saccharification yield without yield penalty. One of the 
elegant ways to alter polysaccharide composition or content is the expression of genes 
encoding cell wall degrading (CWD) enzymes during plant growth and development 
(Obro et al. 2011). Different CWD enzymes targeting the major polysaccharides of 
the cell wall have been studied in plants.  
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However, in most studies the effect of this heterologous expression on 
saccharification yield has not been investigated or detailed cell wall characterization 
of these plants is lacking (Tsai et al. 2012; Borkhardt et al. 2010; Chatterjee et a., 
2010). In addition, several studies focused on expression of single genes, whereas it is 
known that CWD enzymes work synergistically, and complex enzyme cocktails are 
required to degrade the cell wall. Certainly, a complete degradation of the cell wall 
during development is not the main purpose of such approaches; however, it would be 
interesting to combine enzymes, since such combination could have additive effects 
(Zhang et al. 2011). Therefore, we generated a unique collection of Arabidopsis plants 
that are expressing different CWD enzymes (Chapter 2.). The main objective to have 
this unique plant collection is to identify cell wall alterations that could have a 
positive effect on the reduction of cell wall recalcitrance.  Secondly, this collection 
will be used for gene stacking, where different lines are crossed to combine different 
CWD enzymes in one plant.  
Heterologous expression of genes coding for CWD enzymes alter cell wall 
composition 
In this PhD study, 29 different cell wall modifying proteins have been used (Chapter 
2. Fig 1) combined with different promoters (both constitutive and tissue specific). 
Since the substrates for the enzymes accumulate in the apoplastic region, the enzymes 
had to be targeted towards the extracellular space. Therefore a signal peptide for 
secretion (SP) from phaseolin was added. During the PhD project, we successfully 
generated 66 different overexpression constructs and introduced them in Arabidopsis 
(Chapter 2. table 2). Among the different enzymes and cell wall-modifying proteins 
are cellulases, xylanases, pectate lyases, polygalacturonases, expansins, 
rhamnogalacturonases, arabinofuronisidases, ferulic acid esterase, mannosidase, 
endomannanse, xylosidase, fucosidase, rhmanosidase, xylogalacturonase, acetyl xylan 
esterases, pectin methyl esterases, CBMs and galactosidases. In these expressing 
genes coding for CWD enzymes plants, some of the lines (eg overexpressing of 
endoglucanase, polygalacturonase or pectate lyase) an improvement of 
saccharification efficiency was obtained without a yield penalty. We also obtained 
Arabidopsis plants with 7% increase in biomass upon expressing of a carbohydrate-
binding module (CBM).  
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On the other hand, the expression of some genes resulted in dramatic phenotypes. For 
example, transgenic expression of xylogalacturonase and pectin methyl esterase in 
Arabidopsis resulted in dwarfed plants (see chapter 2.) 
In the short time period of a PhD work, making 66 different constructs, generating 
single insert homozygous transgenic lines, growing these lines in controlled 
conditions and performing cell wall characterization is not feasible for all lines 
(Chapter 2). Therefore, we prioritized some transgenic lines (Galactanase and NodC 
expressing lines) for a more detailed study. Preliminary cell wall characterization has 
been performed for other transgenic lines (such as those expressing nematode derived 
polygalacturanase, pectate lyase, endoglucanase). Recently, we have initiated 
preliminary enzymatic assays of different cell wall degrading enzymes derived from 
Aspergillus nidulans. The rest of the cell wall modifying enzymes (such as 
Trichoderma reseie derived endoglucanase; thermostable endoglucanase, xylanase, 
arabinofuronasidase) are still in the pipeline.  
In an attempt to modify the cell wall structure, we expressed and performed a detailed 
study of a gene coding for a putative arabinogalactan endo-1,4-β-galactanase (EC 
3.2.1.89) derived from the plant parasitic nematode Heterodera schachtii in both 
Arabidopsis and poplar. Enzymes of this class hydrolyze β-1,4-coupled galactoses, 
which occur in type I arabinogalactan side chains of rhamnogalacturonan I (RGI) in 
the pectin matrix of cell wall. Although no aberrant phenotype was observed in 
greenhouse grown plants, a change in the cell wall composition was visualized in 
Arabidopsis stem sections by immunolocalization. When saccharification was 
performed, glucose was released more easily from the cell wall of these plants 
compared to non-transformed wild type plants. However, this effect diminished when 
incubation times were prolonged indicating that the accessibility to the cellulose 
rather than the cellulose content itself was modified. The latter was in agreement with 
cell wall analysis showing the total cellulose content was not affected in these lines. 
Remarkable and in contrast to Arabidopsis, poplar transformed with this construct 
resulted in lines with high saccharification yields outperforming control lines even 
over longer incubation periods. We conclude that pectin trimming by means of 
galactanase activity resulted in plants with improved saccharification efficiency. In 
fact, similar saccharification properties were previously obtained for lignin mutants.  
%+'$$%#&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&%#("/!"-#(&'()&$##"$%"$"&&&
& 2'"&
However, these mutants generally suffer from significant yield penalties (Van Acker 
et al. 2013) that are mainly due to the loss of mechanical strength caused by the 
reduced lignin levels and a consequent impaired water transport. Apparently this 
drawback is not observed in the galactanase overexpression lines as no visible defect 
could be observed in these plants. The combination of improved saccharification yield 
with the absence of a detectable yield penalty is an important economic factor. 
 
Although, the generation of NodC expressing plants is not primary scope of 
biofuels research, expressing non-plant derived polymers in the cell wall might 
produce new materials with industrially relevant physicochemical properties (Barker 
et al. 1975) and alter cell wall recalcitrance (Abramson et al. 2010). This new concept, 
so called ‘Trojan Horse’ is based on the introduction of novel polysaccharides into the 
plant cell wall. As a result these engineered cell walls behave normal during plant 
growth and development but might show enhanced solubility during processing. The 
cell walls that consist of intercalated ‘Trojan Horse’ polymers are easily disassembled 
during the pretreatment phases of the extraction process. Therefore, such techniques 
might expect to result in higher saccharification yields (Shoseyov et al. 2008). NodC 
expressing Arabidopsis plants accumulating N-acetylglucosamine (GlcNAc) 
oligomers surprisingly showed increased cell wall recalcitrance and reduced 
saccharification yield. The growth defects obtained upon GlcNAc accumulation in the 
apoplast turned out to be highly dependent on the environmental conditions: no 
significant differences were observed when plants were grown under long day (LD) 
condition, whereas severe growth defects were obtained when NodC OE plants were 
initially grown under short day (SD) growth conditions before shift to LD conditions 
(Chapter 5. Fig 4 and 9).  To our surprise, these bioengineered lines showed increased 
cell wall recalcitrance, and this could be due to the GlcNAc oligomers competing with 
non-covalent interactions in the apoplast. This likely has a profound impact on the cell 
wall architecture and is reflected by the increase in expression of a set of receptor like 
kinases (RLKs). In particular a set of genes coding for DUF26 transmembrane 
receptors was upregulated upon GlcNAc oligosaccharide accumulation, pointing 
toward an unexplored function for these proteins in monitoring cell wall integrity. 
Recent studies revealed that low abundance of pectin in secondary cell wall influences 
secondary cell wall formation that make up majority of lignocellulosic biomass 
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(Lionetti et al. 2009; Sexton et al. 2012; Biswal et al. 2014). Therefore, genetic, 
biochemical, and mechanical experiments are necessary to reveal a certain interaction 
of pectin modification with secondary wall formation. Recently, Hongo et al. (2012) 
showed that pectin is directly or indirectly involved in secondary wall thickening in 
interfascicular fibers of Arabidopsis. Surprisingly, recent studies highlight genes 
coding for pectin modifying /degrading rather than pectin biosynthesis genes, 
referring that pectin modification rather than synthesis is important for secondary wall 
development (Koizumu et al. 2009; Gouloa et al. 2011; Hongo et al. 2012; Sexton et 
al. 2012. 
Future Perspectives 
An ideal Arabidopsis cell wall composition for biofuel production that is described by 
Van Acker (2013) should be a cell wall with less lignin and more hemicelluloses that 
contain less xylose, more galactose, and more arabinose units, and these cell wall 
properties should not result in any growth or development defects. In the process of 
developing an ideal plant, in order to further reduce cell wall complexity and get more 
yields, different crosses have been made and are confirmed to be homozygous (table 
1). The goals of these crosses are to 1) combine different CWD enzymes in one plant 
2) obtain a deeper insight in the composition of the polysaccharide network in the 
plant cell wall and 3) expressing CWD enzymes in lignin mutant background plants. 
For instance, by expressing galactanase (chapter 3) in arabidopsis and poplar, we 
could increase the accessibility of cellulose polymers through degradation of the 
pectin side chains. Crossing galactanase expressing arabidopsis lines with an RsENG 
expressing line resulted in yield penalty (chapter 3, figure 10). It is likely that, 
degrading side chains of pectin allows the endoglucanase to reach its substrate more 
easily. This cellulose degradation might be the reason for the dwarf phenotype 
(chapter3). Using thermostable endoglucanase or tissue specific promoter for 
mesophilic endoglucanase might overcome yield penalty problem and give better 
access to cellulose for enzymatic hydrolysis. For these new crosses, cell wall and 
saccharification assays should be performed to investigate the potential use of 
stacking genes in Arabidopsis. In my opinion, interesting lines for this gene 
combination are lines where pectin structure was modified, since in these lines the 
saccharification yield was improved whereas no negative effect on the yield was 
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observed (e.g. polygalacturanase, pectate lyase, galactanase derived from plant 
parasitic nematodes). These lines could be crossed with the lignin deficient lines. 
However, based on preliminary experiments, lines with modified pectin and less 
lignin didn’t meet our expectations at the moment. It is likely that plant could 
accumulate different cell wall polymers as a reaction on the cell wall perturbation.  
This would indicate that plant cells would change their cell wall recalcitrance by 
accumulating different cell wall polymers in response to different cell wall alterations 
(Van Acker et al. 2013; Petersen et al, 2013; Biswal et al. 2014). Positive results can 
then be used as an indicator for stacking genes in industrial relevant crops like poplar. 
Arabidopsis is general considered a good model for cell wall biosynthesis (Liepman et 
al. 2010), secondary cell wall research (Nieminen et al. 2004) and this was confirmed 
by our findings. Although our results in Arabidopsis might also be translated to 
grasses like miscanthus, maize or sugarcane, the differences in cell wall composition 
between dicots and monocots could make this translation less successful.  
Table 1. Crossed Arabidopsis plants list. RsCBM: Carbohydrate Binding Module of Radopholus 
similis; SP: Signal Peptide; MgPG: Polygalacturonase of Meloidogyne graminicola; PcPL: pectate 
lyase of Pratylenchus coffeae; RsENG: putative endoglucanase of Radopholus similis; GAL1: 
Galactanase of Heterodera schachtti; XYLB: xylanase B of Dictyoglomus thermophilum; 4cl1: 4-
coumarate:CoA ligase;  c4h: cinnamate 4-hydroxylase. N.A.: not available. 
Line 1  Line 1phenotype Line 2  Line 2 phenotype Status Phenotype 
CBM more biomass, no growth defect SP:MgPG improved saccharification yield, 
no growth defect 
Screening for double 
homozygosity 
N.A. 
CBM more biomass, no growth defect SP:PcPL  improved saccharification yield, 
no growth defect 
Screening for double 
homozygosity 
N.A. 
SP:MgPG improved saccharification yield, 
no growth defect 
XYLB reduced xylose content, not 
active during plant development, 
no growth defect 
Screening for double 
homozygosity 
N.A. 
RsENG-1 improved saccharification yield, 
no growth defect 
SP:PcPL improved saccharification yield, 
no growth defect 
Screening for double 
homozygosity 
N.A. 
RsENG-1 improved saccharification yield, 
no growth defect 
SP:MgPG improved saccharification yield, 
no growth defect 
Screening for double 
homozygosity 
N.A. 
c4h5-3 reduced lignin content, improved 
saccharification yield, no growth 
defect 
SP:PcPL improved saccharification yield, 
no growth defect 
Screening for double 
homozygosity 
N.A. 
c4h5-3 reduced lignin content, improved 
saccharification yield, no growth 
defect 
SP:MgPG improved saccharification yield, 
no growth defect 
Screening for double 
homozygosity 
N.A. 
GAL1 improved saccharification 
yield,no growth defect 
c4h5-3 reduced lignin content, improved 
saccharification yield, no growth 
defect 
Double homozygous 
plants are made 
-No growth defect 
GAL1 improved saccharification 
yield,no growth defect 
RsENG-1 improved saccharification 
yield,no growth defect 
Double homozygous 
plants are made 
Yield penalty 
RsENG-1 improved saccharification 
yield,no growth defect 
c4h5-3 reduced lignin content, improved 
saccharification yield, no growth 
defect 
Double homozygous 
plants are made 
Yield penalty 
XYLB  reduced xylose content, not 
active during plant development, 
no growth defect 
c4h5-3 reduced lignin content, improved 
saccharification yield, no growth 
defect 
Double homozygous 
plants are made 
Yield penalty  
XYLB reduced xylose content, not 
active during plant development, 
no growth defect 
4cl-1 reduced lignin content, improved 
saccharification yield, no growth 
defect 
Double homozygous 
plants are made 
-No growth defect 
RsENG-1 improved saccharification yield CBM more biomass, no growth defect Double homozygous 
plants are made 
Yield penalty- 
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The presented strategy to modify cell wall composition could be useful for other 
industrial sectors such as the pulping or brewing industry. For example, xylanases act 
mainly on the relocated, precipitated xylan on the surface of the fibers. The breaking 
of the hemicellulose-lignin complexes could reduce the amount of bleaching agents 
such as chlorine, which are currently required for pulping process. This lowers not 
only the cost of chemicals, but also reduces the negative effects that chlorine has on 
the environment (De Vries & Visser, 2001). The expression of CWD enzymes in 
plants can therefore also eliminate the enzyme costs for the different purposes of 
industrial applications where biomass is used as a raw material. 
In conclusion, in order to obtain a more suitable feedstock for saccharification we 
generated a collection of genes encoding cell wall modifying proteins and expressed 
them in Arabidopsis.  Our results revealed that altering the cell wall composition by 
this strategy might reduce cell wall recalcitrance, increase saccharification yield and 
might reduce bio-fuel production cost.   
We have also characterized two novel genes, PIRIN2 and PIRIN4 of Arabidaopsis 
that could modulate both lignin content and composition in Arabidopsis without 
affecting growth and development of the plants. &
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Primers 
ID Sequence Direction Information 
BH001 AAAAAGCAGGCTTCACCATGGCTAAATTCCCTATTTTC  FW Rs-eng3  
BH002 AGAAAGCTGGGTGTCAAACTTTTCCGTCCTTTCC RV Rs-eng3  
BH003 AAAAAGCAGGCTTCACCATGAAATTCTTCGCCAGCC FW Da_eng 
BH004 AGAAAGCTGGGTGTCAGCAATATCCATAAGAC RV Da_eng 
BH005 AAAAAGCAGGCTTCACCATGCAATTTGTCACACTTACC FW Da-exp_met_2_introns  
BH006 AGAAAGCTGGGTGTGACAGTTGGTGGAGTGC RV Da-exp_met_2_introns  
BH007 GGATTATAAGGGAAAATCCGCGGTATTTCCCATCG FW Da-exp exon2 
BH008 CCATGAGTTGCTGACGGTTTGCCCAGACTGAAGACC RV Da-exp exon2 
BH009 GGTCTTCAGTCTGGGCAAACCGTCAGCAACTCATGG FW Da-exp exon3 
BH010 GGAAATACCGCGGATTTTCCCTTATAATCCAC RV Da-exp exon1 
BH011 TAACGCCGTTTACCTTTTGC FW End of the C4H promoter  
BH015 AAAAAGCAGGCTTCACCATGAAAAAGGAAAAAGC FW A.Gonensis AttB 
BH016 AGAAAGCTGGGTGTCATCGCACATTTGCTCC RV A.Gonensis AttB 
BH017 AAAAAGCAGGCTTCACCATGGACGTTTCGAAAGTCAGCC FW B.licheniformis AttB 
BH018 AGAAAGCTGGGTGTCAGCCGCCATACGCCCC RV B.licheniformis AttB 
BH019 CCATAAGACACAACGCTGACAGTTGGTGGAGTGC RV EXPANSIN_to add stop codon 
BH020 AGAAAGCTGGGTGTCAGCAATATCCATAAGACACAACG RV EXPANSIN stop codon with half attB 
BH021 AAAAAGCAGGCTTCACCATGGAGCCTTGGGTTCACATCC FW A.Flavithermus AttB 
BH022 AGAAAGCTGGGTGTCTATAGTTTTTGTAATGATTG RV A.Flavithermus AttB 
BH023 AAAAAGCAGGCTTCACCATGAAGTTTTTTTATATACTCG FW A.Flavithermus AttB with SP 
BH024 AAAAAGCAGGCTTCACCATGAGTGAGTTTGTATTTTCC FW A.Flavithermus AttB without SP 
BH025 AGAAAGCTGGGTGTCATTTTATTTCTTTACTTTTTATATGAGCG RV A.Flavithermus AttB2_long primer 
BH026 AGAAAGCTGGGTGTCATTTTATTTCTTTAC RV A.Flavithermus AttB2_short primer 
BH027 AAAAAGCAGGCTTCACCATGATGGATTCCGGAAAAAAC FW B.licheniformis AttB 
BH028 AAAAAGCAGGCTTCACCATGGATTCCGGAAAAAAC FW B.licheniformis AttB 
BH029 AAAAAGCAGGCTTCACCATGGATTCCGGAAAAAACTATAAAATCATCGGC  FW B.licheniformis AttB 
BH030 AAAAAGCAGGCTTCACCATGTTGAAGTTTTTTTATATACTCG FW Afl XYL 
BH031 AGAAAGCTGGGTGGTAACGGTTGTACGATGTG RV H. schattii without stop 
BH032 AAAAAGCAGGCTTCACCATGAGAAGGGTTCCACTCCTGTTGCTGGG FW Phaseolin SP 
BH033 GGCAGAAAGTGATGCCAGGAAAAGAATTCCCAGCAACAGG RV Phaseolin SP 
BH034 GGCATCACTTTCTGCCTCATTTGCCGCCTTCACATGGCTTGG FW HT1285 
BH035 AGAAAGCTGGGTGTTATTGACTTCCCACGAAATACGG RV HT1285 
BH036 GGCATCACTTTCTGCCTCATTTGCCATGCGGAAGACCACTCTGTTTCTGGC FW HT8149 
BH037 AGAAAGCTGGGTGTTACATCTCAGCAAGAATGTCACC RV HT8149 
BH038 GGCATCACTTTCTGCCTCATTTGCCATGAAGTTCACGGAGGGC FW HT7505 
BH039 AGAAAGCTGGGTGTCACTTAGTTACTCCATGCCC RV HT7505 
BH040 GGCATCACTTTCTGCCTCATTTGCCCCAATTCGCCAGGCTGCG FW HT5267 
BH041 AGAAAGCTGGGTGTCAGGCCGCCATGAAAAACTCC RV HT5267 
BH042 GGCATCACTTTCTGCCTCATTTGCCCGCAAGGGCTTTGTGACCACC FW HT6427 
BH043 AGAAAGCTGGGTGCTACCGTCTCCGGTTCAACTTG RV HT6427 
BH044 GGCATCACTTTCTGCCTCATTTGCCCATGGCTCATTGGCGATTGCGC FW HT8138 
BH045 AGAAAGCTGGGTGTCACTGCCTTTCTAAGAAGACC RV HT8138 
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BH046 GGCATCACTTTCTGCCTCATTTGCCGTCTCCGTCAGCGGCTCGG FW HT2331 
BH047 AGAAAGCTGGGTGTTAAAGGGTGTTACCGGCAGAAGAGG RV HT2331 
BH048 GGCATCACTTTCTGCCTCATTTGCCCACTTCTCACGCTCTCGAAATGATGC FW HT8761 
BH049 AGAAAGCTGGGTGCTAGCCAGAGGTACAGTTAACC RV HT8761 
BH050 GGCATCACTTTCTGCCTCATTTGCCGCGCCTCGTGAGCACTTCAAGCG FW HT3390 
BH051 AGAAAGCTGGGTGTCAATAGCTCCAGTCAAGCC RV HT3390 
BH052 GGCATCACTTTCTGCCTCATTTGCCCAGCTCTCTGGCAGCGTCGG FW HT9134 
BH053 AGAAAGCTGGGTGTCAGTGGCGGTGGGCACGAC RV HT9134 
BH054 GGCATCACTTTCTGCCTCATTTGCCGCCCTAACTGCAACAGAGAATGAC FW HT6395 
BH055 AGAAAGCTGGGTGTCACTTCAACTCCAATCTCAAAGC RV HT6395 
BH056 GGCATCACTTTCTGCCTCATTTGCCGCGCGCATCCGTCCCTCCTTCAATGG FW HT6352 
BH057 AGAAAGCTGGGTGCTAATACACCGCTACAGGCC RV HT6352 
BH058 GGCATCACTTTCTGCCTCATTTGCCGGTCCCTGCGACATCTACTCG FW HT1571 
BH059 AGAAAGCTGGGTGCTAGGCAAAGCCGTCAGCAACG RV HT1571 
BH060 GGCATCACTTTCTGCCTCATTTGCCGCTCCCTCGCAGGTTGAGCG FW HT6890 
BH061 AGAAAGCTGGGTGTTAACCCGAAGCACCCGAGGTGC RV HT6890 
BH062 GGCATCACTTTCTGCCTCATTTGCCTGCGGGCCGGGCGAGACCC FW HT10277 
BH063 AGAAAGCTGGGTGTCAGAGGTAGGAGGAAACGC RV HT10277 
BH064 GGGGACAACTTTGTATAGAAAAGTTGGGGGACAACTTTGTATAGAAAAGTTG
CT 
FW trichome spefic promoter 
BH065 GGGGACTGCTTTTTTGTACAAACTTGTTCTTTCCACGGAGATTGACC RV trichome spefic promoter 
BH066 GGCATCACTTTCTGCCTCATTTGCCATGGCTGAAAAAACAGCAACG FW AkABF 
BH067 AGAAAGCTGGGTGTTAATGTTTAGCCAAACG RV AkABF 
BH068 GGCATCACTTTCTGCCTCATTTGCCATGAAAACCATGAACAC FW GcABF 
BH069 AGAAAGCTGGGTGTTATTTCTTAGCCAAACG RV GcABF 
BH070 GGCATCACTTTCTGCCTCATTTGCCATGAAAACGGAACCATCATACG FW GbXYL 
BH071 AGAAAGCTGGGTGTCACTTATGATCGATAATGG RV GbXYL 
BH072 GGCATCACTTTCTGCCTCATTTGCCATGAGTGAGTTTGTATTTTCC FW AflXYL 
BH073 GGCATCACTTTCTGCCTCATTTGCCGCCAATTCGCCAGGCTGCG FW ferulic acid esterase  
BH074 AGTGGACCGCAAACACGTATGC FW trichome spefic promoter_new primer 
BH075 ATAGAAAAGTTGAGTGGACCGCAAACACGTATGC FW trichome spefic promoter_new primer-half 
attB 
BH076 TGTACAAACTTGGGTTTCTTTCCACGGAGATTGACC RV trichome spefic promoter_new primer-half 
attB 
BH077 TTCTTTCCACGGAGATTGACCGGGG RV trichome spefic promoter_new primer 
BH078 CCCTACCCGCAAACCTCCAAGGCCG FW HT8149_middle primer 
BH079 CGGCCTTGGAGGTTTGCGGGTAGGG RV HT8149_middle primer 
BH080 GGCGTCGCCGCTGTTTGAGATTGG FW HT7502_middle primer 
BH081 CCAATCTCAAACAGCGGCGACGCC RV HT7502_middle primer 
BH082 CCGAGCAATCCGCTGCTCTTGGC FW HT8149_middle primer 
BH083 GCCAAGAGCAGCGGATTGCTCGG RV HT8149_middle primer 
BH084 CGACGGCTCAGTCTGGCAATGG FW HT7505_middle primer 
BH085 CCATTGCCAGACTGAGCCGTCG RV HT7505_middle primer 
BH086 CCAAACACGTCATTGGTTACGTCC  FW HT6395_middle primer 
BH087 GGACGTAACCAATGACGTGTTTGG  FW HT6395_middle primer 
BH088 GGCATCACTTTCTGCCTCATTTGCCCATGGACATATTAATGAC FW SP:TrCEL61:CBM  
BH089 AGAAAGCTGGGTGGTTAAGGCACTGGGCG RV SP:TrCEL61:CBM  without stop 
BH090 AGAAAGCTGGGTGGTTGGCAGGCCTGATACC RV SP:TrCEL61 without stop 
)!!"#!$%!
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BH091 GGCATCACTTTCTGCCTCATTTGCCACCGTAACACAAACAGTAACTTCC FW SP:SSoENG 
BH092 AGAAAGCTGGGTGTCAGAGGAGAGTTTCAGAAAAGTTGG RV SP:SSoENG 
BH093 AGTGGAGCCGAGTTATCAAG FW Pirin4 qPCR primer-523 bp 
BH094 TCAGAACAGTCCCAAGGC RV Pirin4 qPCR primer-523 bp 
BH095 CCAGTGAAGTGGAATGGG RV Pirin4 qPCR primer- shorter fragment 
BH096 GGCATCACTTTCTGCCTCATTTGCCATGGCTGAAAAAACAGC FW SP:AkABF 
BH097 AGAAAGCTGGGTGTTAATGTTTAGCCAAACG RV SP:AkABF 
BH098 GGCATCACTTTCTGCCTCATTTGCCATGAAAACGGAACCATCATACG FW SP:GcXYL 
BH099 AGAAAGCTGGGTGTCACTTATGATCGATAATGGC RV SP:GcXYL 
BH100 GGACAAGAAATGGGTCGAAG FW CSHL-T-DNA left primer 
BH101 CGGTCGGGAAACTAGCTCTAC RV CSHL-T-DNA right primer 
BH102 TGGCCAACTGTCAATACAACA FW At1g50590 GSP left primer 
BH103 AGAAAGCTGGGTGTTAGTTAAGGCACTGGGCG RV SP:TrCEL61:CBM   with stop codon 
BH104 AGAAAGCTGGGTGTTAGTTGGCAGGCCTGATACC RV SP:TrCEL61  with stop codon 
BH105 GGCATCACTTTCTGCCTCATTTGCCGCCGCGCCGGGCAAGCC FW chitinase A 
BH106 AGAAAGCTGGGTGTTAAGGAACACCGGCGCTATTGCC RV chitinase A 
BH107 GGCATCACTTTCTGCCTCATTTGCCTCCACACGTAAAGCCG FW chitinase B 
BH108 AGAAAGCTGGGTGTTATTACGCCACGCGGCCCACCTTCAGC RV chitinase B 
BH109 GGCATCACTTTCTGCCTCATTTGCCATGAGCACAAATAACACG FW chitinase C 
BH110 AGAAAGCTGGGTGTTAGGCGATGAGCTGCCAGAGG RV chitinase C 
BH112 AGAAAGCTGGGTGTTTCTTCCTTCCACTAAC RV SPPcPL-without stop 
BH113 AGAAAGCTGGGTGGAGATGTTCTGCTACCACTCCC RV SPMgPG-without stop 
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Plants use solar energy to convert CO2 and water into carbohydrates through 
photosynthesis. Most of the formed carbohydrates are incorporated into the plant cell 
wall, a structure essential to support the cell and to a larger extent, the plant itself. 
Approximately one third of the plant cell wall consists of cellulose, a polysaccharide 
composed out of glucose units. This monosaccharide is a perfect carbon source for 
fermentation reactions and hence can be easily converted into all kinds of products, 
such as biofuels (ethanol) and bio-plastics. The conversion of cellulose towards 
glucose is called saccharification and is done by enzymatic cocktails, mainly 
containing cellulases. However, cellulose fibers are embedded in a pectin matrix and 
coated by lignin and hemicellulose polymers and the complex interaction between 
these polymers has a negative effect on the saccharification efficiency. In order to 
increase cellulose accessibility, mechanical or chemical pretreatments are used to 
open the cell wall structure. These pretreatments not only increase the costs of bio-
fuels production they are also responsible for the production of toxic compounds that 
might inhibit downstream fermentation processes, The design of energy crops with 
more accessible cellulose is a prerequisite for a viable bio-based economy. 
 It was our objective to use the flexibility of the cell wall to its extremes by modifying 
its composition while avoiding deleterious effects on plant physiology. One of the 
strategies to achieve this is the heterologous expression of genes coding for cell wall 
degrading (CWD) enzymes in plants. These can alter the cell wall structure during 
plant growth and might improve saccharification yield of the lignocellulosic biomass. 
In this study 66 different CWD constructs were introduced in Arabidopsis and one of 
these enzymes (a galactanase) was studied in detail.  Interestingly, galactanase 
expression improved the saccharification efficiency without causing a dramatic yield 
penalty. In parallel, an attempt was made to modify cell wall properties by the 
expression of the A. caulinodans NodC gene in Arabidopsis. The obtained transgenic 
lines accumulated GlcNAc mono- and oligosaccharides in their apoplast, which 
influenced the overall cell wall architecture and modified the cell wall properties.  
This unique collection of Arabidopsis plants is in the meanwhile used for gene 
stacking, where different lines are crossed to combine different CWD enzymes in one 
plant. Here, lignin mutants were included to take advantage of the putative additive 
effects of matrix polysaccharide and lignin reduction on the saccharification yield. 
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The lignin mutants included in this project are well-characterized and some have an 
improved saccharification potential (Van Acker et al. 2013). These crosses will be 
further genotyped to select double (or triple) homozygous lines, where upon the cell 
wall of stem tissue will be characterized. In addition we showed how our findings on 
Arabidopsis could be translated towards poplar, a promising second-generation 
energy crop as it grows quickly on marginal soils, which are not in competition with 
precious arable land. The expression of the galactanase improved the overall 
saccharification efficiency by 50% in poplar.  
The presented strategy to modify cell wall composition could be useful for other 
industrial sectors such as the pulping or brewing industry. The breaking of the 
hemicellulose-lignin complexes could reduce the amount of bleaching agents such as 
chlorine, which are currently required in pulping. This lowers not only the cost of 
chemicals, but also reduces the negative effects that chlorine has on the environment 
(De Vries & Visser, 2001). The expression of CWD enzymes in plants can therefore 
also eliminate the enzyme costs for the different purposes of industrial applications 
where biomass is used as a raw material. 
Furthermore, since lignin is major limiting factor that affect saccharification yield, 
reducing lignin content became a potential strategy to improve the saccharification 
yield (Van Acker et al. 2013; Chen and Dixon 2007). Besides, lignin biosynthesis 
pathway is well described and identified; the metabolic pathway can be engineered to 
alter lignin content. However, reduction in lignin content could have a dramatic effect 
on plant growth and development due to preventing the transport of water or essential 
metabolites from the roots to the shoots (Bonawitz and Chapple 2012). Here, we have 
generated Arabidopsis lines, which are overexpressing PIRIN2 and knock down of 
PIRIN4 genes altered lignin composition, reduced lignin content and improved 
saccharification yield without causing any dramatic effect on plant growth and 
development. 
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Planten maken gebruik van fotosynthese om CO2 en water om te zetten in suikers met behulp 
van zonlicht . Deze suikers worden voornamelijk gebruikt voor de aanleg van de celwand, een 
structuur die essentieel is om de cel (en op een hoger nivau de volledige plant) te 
ondersteunen. Ongeveer eenderde van de plantencelwand bestaat uit cellulose, een 
polysaccharide opgebouwd uit glucose-eenheden. Dit monosaccharide is een perfect 
koolstofbron voor fermentatie reacties en kan daarom gemakkelijk worden omgezet in allerlei 
producten zoals brandstof (bio-ethanol) en plastics. De omzetting van cellulose naar glucose 
wordt saccharificatie (versuikering) genoemd en gebeurt met behulp van enzymatische 
cocktails die voornamelijk cellulases bevatten. In de celwand zitten de cellulosevezels echter 
ingebed in een pectine matrix en zijn ze bovendien bekleed met lignine en hemicellulose 
polymeren. De complexe interactie tussen deze verschillende polymeren heeft een negatief 
effect op de saccharificatie. Om de celwand structuur te openen en de toegankelijkheid tot de 
cellulose te verhogen worden mechanische of chemische voorbehandelingen gebruikt. Deze 
voorbehandelingen verhogen niet alleen de kosten van het verwerkingsprocess, ze zijn ook 
verantwoordelijk voor de productie van giftige verbindingen die fermentatieprocessen kunnen 
inhiberen. Het ontwerpen  van energiegewassen met beter toegankelijk cellulose is een 
belangrijke voorwaarde voor een leefbare bio-gebaseerde economie.  
Het doel van dit doctoraat was om de samenstelling van de celwand aan te passen zonder 
schadelijke effecten op de plantenfysiologie te bekomen, steunende op de flexibiliteit van de 
celwand. Een van de strategieën om dit te bereiken is om genen die coderen voor celwand 
afbrekende (CWD) enzymen in planten tot expressie te brengen. Deze enzymen kunnen de 
celwand tijdens de groei van planten specifiek gaan veranderen en zodoende de 
saccharificatie van de lignocellulose biomassa verbeteren. In deze studie werden 66 
verschillende CWD-constructen in Arabidopsis geïntroduceerd. Verschillende lijnen werden 
in meer detail besproken, en de resultaten voor een een galactanase werden besproken in een 
appart hoofdstuk. Overepressie van een galactanase verbeterde de versuikering van de 
biomassa zonder negatief effect op de groei en ontwikkeling van de plant. Tegelijkertijd werd 
een poging gedaan om celwandeigenschappen te wijzigen door de expressie van het A. 
caulinodans NodC gen in Arabidopsis. Het corrsponderende enzym produceert korte chitine-
olgios en in de apoplast van de transgene lijnen kon inderdaad een accumulatie van GlcNAc 
mono en oligosacchariden aangetoond worden. Deze oligo’s veranderde de algemene celwand 
architectuur en beïnvloede de celwandeigenschappen.  
De unieke collectie van Arabidopsis-planten werd ook reeds gebruikt voor gene stacking, 
waarbij verschillende lijnen werden gekruist om verschillende enzymen te combineren in 
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dezelfe plant. Hierbij werden ook lignine mutanten opgenomen De lignine mutanten die voor 
dit project gebruikt werden zijn goed gekarakteriseerd en sommige hebben een verbeterde 
saccharificatiepotentieel (Van Acker et al. 2013). De kruisingen werder verder gegenotypeerd 
om dubbele homozygote lijnen te selecteren waarna celwandsamenstelling van de stengel 
bestudeerd werd. Daarnaast hebben we aangetoond hoe onze Arabidopsis resultaten kunnen 
vertaald worden naar populier, een veelbelovende tweede generatie energiegewas. De 
overexpressie van het galactanase resulteerde in een 50% verhoogde saccharificatie in 
populier.  
De gepresenteerde strategie om de  celwandsamenstelling in de plant aan te passen kan nuttig 
zijn voor andere industriële toepassingen, zoals papierproductie. Het verbreken van de 
hemicellulose-lignine interactie kan de hoeveelheid bleekmiddelen (bvb chloor), die 
momenteel vereist zijn bij bepaalde verwerkingsprocessen verminderen. Dit verlaagt niet 
alleen de kost van het productieproces, maar vermindert ook de negatieve impact op het 
milieu (De Vries & Visser, 2001). Aangezien lignine een belangrijke beperkende factor is bij 
de saccharificatie, is het verlagen van de lignine concentratie in de plant een belangrijke 
strategie om de saccharificatie efficiencie te verbeteren (Van Acker et al 2013. Chen en Dixon 
2007). De lignine biosynthese pathway is in detail bestudeerd en grondig beschreven. Dankzij 
dit inzicht kan de pathway gestuurd worden met als doel de lignine hoeveelheid of de 
samenstelling in de plant te wijzigen. Door de cruciale rol die lignine heeft in de plant 
(transport van water of essentiële metabolieten alsook de mechanische ondersteuning van de 
plant)  heeft de verlaging van het lignine-gehalte meestal een dramatisch effect op de groei en 
ontwikkeling van planten (Bonawitz en Chapple 2012).  
In dit doctoraat beschrijven we Arabidopsis PIRIN2 overexpressie lijnen alsook pir4 mutanten 
die minder lignine bevatten. Ondanks de lagere lignine hoeveelheid hebben deze planten geen 
afwijkend fenotype. Ze bezitten echter wel een verbeterde saccharificatie. Het spelen met 
PIRIN expressieniveaus kan een potentieel interessante strategie zijn om gewassen verder te 
optimaliseren voor biomassa productie. 
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The$objective$of$our$research$was$to$use$the$flexibility$of$the$cell$
wall$to$its$extremes$by$modifying$its$composition$while$avoiding$
deleterious$effects$on$plant$physiology.$One$of$the$strategies$to$
achieve$this$ is$the$heterologous$expression$of$genes$coding$for$
cell$wall$degrading$(CWD)$enzymes$in$plants.$These$can$alter$the$
cell$ wall$ structure$ during$ plant$ growth$ and$ might$ improve$
saccharification$yield$of$ the$ lignocellulosic$biomass.$ In$this$PhD$
study$ 29$ genes$ coding$ for$ cell$wall$ degrading$ enzymes$ (66$ different$ constructs)$were$
introduced$in$Arabidopsis$and$one$of$the$enzymes$(a$galactanase)$was$studied$in$detail.$
Interestingly,$ galactanase$ expression$ improved$ the$ saccharification$ efficiency$ without$
causing$a$dramatic$yield$penalty.$ In$parallel,$an$attempt$was$made$ to$modify$cell$wall$
properties$ by$ the$ expression$ of$ the$ A.# caulinodans# NodC$ gene$ in$ Arabidopsis.$ The$
obtained$ transgenic$ lines$ accumulated$ GlcNAc$ monoK$ and$ oligosaccharides$ in$ their$
apoplast,$which$ influenced$the$overall$cell$wall$architecture$and$modified$the$cell$wall$
properties.$Furthermore,$since$lignin$is$major$limiting$factor$that$affect$saccharification$
yield,$ reducing$ lignin$ content$ became$ a$ potential$ strategy$ to$ improve$ the$
saccharification$yield.$Here,$we$have$generated$Arabidopsis$lines$with$an$altered$PIRIN2#
and$ PIRIN4# expression.$ The$ lines$ had$ an$ altered$ lignin$ composition,$ reduced$ lignin$
content$ and$ an$ improved$ saccharification$ yield.$ Despite$ their$ modified$ cell$ wall,$ no$
dramatic$effect$on$plant$growth$and$development$was$detected.$ !
